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ABSTRACT 
INTERACTIONS BETWEEN FLORAL MUTUALISTS AND ANTAGONISTS,    
AND CONSEQUENCES FOR PLANT REPRODUCTION 
FEBRUARY 2013 
NICOLE L. SOPER GORDEN, B.A, GUSTAVUS ADOLPHUS COLLEGE 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by:  Professor Lynn S. Adler 
While pollinators and leaf herbivores have been a focus of research for decades, floral 
antagonists have been studied significantly less.  Since floral antagonists can be as 
common as leaf herbivores and have strong impacts on plant reproduction, it is important 
to understand the role of floral antagonists in the ecology and evolution of flowers.  I 
conducted four experiments to better understand the relationship between plants, floral 
traits, floral antagonists, and other plant-insect interactions.   First, I manipulated 
resources (light and soil nutrients) that are known to have impacts on plants and floral 
traits to test how they affect floral antagonists and other plant-insect interactions.  
Plentiful resources increased the proportion of floral antagonists to visit flowers, but also 
increase tolerance of floral antagonists.  Second, I manipulated flower bud gallers, a 
species-specific floral herbivore that destroys flowers, to test how it affected other plant-
insect interactions, floral traits, and plant reproduction.  Plants with flower bud gallers 
tended to have more pollinator visits, but this effect is due to a shared preference by 
gallers and pollinators for similar plants.  Third, I manipulated florivory to examine how 
it affects subsequent plant-arthropod interactions, floral traits, and plant reproduction.  
Florivory had systemic effects on other plant-insect interactions, including leaf 
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herbivores, and shifted the plant mating system towards more selfing.  Additionally, I 
tested how several floral antagonists respond to floral attractive and defense traits to 
understand which floral traits are important in mediating antagonisms.  Finally, I 
manipulated florivory, pollination, and nectar robbing to test for effects of multiple floral 
interactions on subsequent plant-insect interactions, floral traits, and plant reproduction.  
There were significant many-way interactions between the three treatments on 
subsequent plant-insect interactions and reproduction, indicating that the effect of one 
interaction depends on what other interactions are present.  Understanding the role that 
floral antagonists play in plant ecology can help scientists determine which interactions 
are most important, and may help determine why some floral traits exist in their current 
state.  Together, this work represents some of the most comprehensive research on the 
community consequences of floral antagonists, as well as the interplay between floral 
traits and floral interactions. 
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INTRODUCTION 
 
Species interactions play critical roles in determining individual fitness, species 
ranges, and the shape or magnitude of selection on traits.  Some of these interactions are 
mutually beneficial.  The role of mutualisms in structuring communities and facilitating 
evolution has been increasingly recognized in the last decade (e.g., Bronstein et al. 2006).  
Many other interactions are antagonistic, including predation, parasitism, infection, and 
competition.  Individuals must navigate in a realm of reducing the costs of antagonisms 
while still receiving the benefits of mutualisms.  Since mutualists and antagonists can 
interact directly or indirectly and contribute to a diversity of selection pressures, we 
should not assume that increasing mutualisms and decreasing antagonisms will lead to a 
better outcome for organisms or communities.  For example, a moderate mixture of both 
mutualist and antagonist interactions can increase community stability, while extremes of 
either may reduce community stability (Mougi and Kondoh 2012).  Therefore, it is 
important that researchers consider both mutualists and antagonists to understand the 
ecology and evolution of organisms. 
Because plants are largely sedentary, they can have unique challenges in terms of 
optimizing interactions with mutualists and antagonists.  Most plants produce physical or 
chemical defenses to deter antagonists such as herbivores (Hopkins and Hüner 2004) and 
invest in advertisements and rewards including volatiles, colors, shapes, or nectar rewards 
to attract mutualists such a seed dispersers or pollinators (Hopkins and Hüner 2004).  
Interactions between plants and both leaf herbivores and pollinators can be critical for 
determining plant fitness.  For example, an estimated 87.5% of all flowering plants are 
animal-pollinated (Ollerton et al. 2011), including many of our most important crop 
 2 
 
plants (Losey and Vaughan 2006, Klein et al. 2007).  In fact, there has been a long-
standing suggestion that pollinators are responsible for the evolution of flowers to their 
current diversity of forms due to selection on floral attractive and reward traits (Darwin 
1862, Fenster et al. 2004).  However, many antagonists can also be attracted to flowers.  
Despite the fact that floral antagonists may have particularly strong effects on plant 
reproduction because flowers are so closely related to reproduction, floral antagonists are 
studied much less frequently than leaf antagonists (McCall and Irwin 2006, Irwin et al. 
2010).  Understanding the evolution of flowers and plant mating systems requires 
understanding selection pressure by both mutualists and antagonists acting concurrently. 
In addition to the possibility for floral antagonists to have strong direct impacts on 
plant reproduction, floral antagonists may also have indirect effects through changing 
how other organisms interact with plants.  Floral antagonists often remove tissue, nectar, 
or pollen, and may induce physiological changes in the damaged flower or in 
subsequently produced flowers on the same plant (e.g., McCall and Irwin 2006, 
Hargreaves et al. 2009, Irwin et al. 2010), which can alter attractiveness to subsequent 
visitors.  There have been many studies demonstrating the effects of leaf herbivory on 
subsequent antagonisms (e.g., Stinchcombe and Rausher 2002, Strauss and Irwin 2004, 
Van Zandt and Agrawal 2004a), and the diversity of leaf damage on a plant can structure 
subsequent whole-plant interactions (e.g., Van Zandt and Agrawal 2004a, Johnson and 
Agrawal 2007, Ohgushi 2008, Utsumi et al. 2009).  However, we know little about the 
community consequences of floral antagonisms.  Because floral antagonists interact with 
plant reproductive organs, any changes they cause to the community interacting with 
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plants could have potentially strong effects on plant reproduction, selection for floral 
traits, and evolution or coevolution between insects and plants. 
Floral Antagonists.  There are many arthropods that act as floral antagonists.  
Cheaters of the pollination mutualism, including nectar robbers, may be some of the best 
studied floral antagonists, though they have still received little attention compared to 
pollinators or leaf herbivores.  Nectar robbers take nectar through holes cut or pierced in 
the flower’s corolla, but rarely pollinate flowers (Inouye 1980, Irwin et al. 2010).  In 
many systems, nectar robbing can occur at high rates, frequently with 75-100% of all 
flowers attacked (Irwin and Brody 1998, Navarro 2001, Irwin and Maloof 2002, Young 
2008, Irwin et al. 2010).  In many (though not all) cases, nectar robbing reduces plant 
reproduction, either directly by damaging reproductive parts or indirectly by altering 
interactions with pollinators (Irwin and Brody 1998, Navarro 2001, Burkle et al. 2007, 
Irwin 2009, Irwin et al. 2010).  In fact, many studies have demonstrated that nectar 
robbers make flowers or plants less attractive to pollinators (Irwin and Brody 1998, 
Maloof and Inouye 2000, Temeles and Pan 2002, Richardson 2004).  By damaging 
flowers, reducing nectar volume, and inducing changes in floral traits, nectar robbers 
have the potential to affect many other floral interactions beyond pollination, although 
these are less studied.  Through their direct and indirect effects on plants, nectar robbers 
may play a strong role in selecting for floral traits and altering the community of 
interactions on flowers. 
Florivores (herbivores that consume flowers) can be as common or more common 
than leaf herbivores (McCall and Irwin 2006) and also have the potential to strongly 
affect plant reproduction.  Florivores can directly reduce plant reproduction by damaging 
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pollen or ovules (Krupnick and Weis 1999, Leege and Wolfe 2002, McCall and Irwin 
2006).  In severe cases, florivores can cause the near collapse of plant populations 
(Washitani et al. 1996).  Florivores can also have indirect effects on plant reproduction by 
changing how other insects, such as pollinators, respond to plants (McCall and Irwin 
2006).  For example, florivory can reduce nectar production (Krupnick et al. 1999), 
flower size (Mothershead 2000), or flower symmetry (McCall 2008).  Subsequently, 
florivory can reduce attractiveness to pollinators (Krupnick and Weis 1999, Botto-Mahan 
and Ojeda-Camacho 2000, Leavitt and Robertson 2006, McCall 2008, Cardel and Koptur 
2010, Sõber et al. 2010, Cares-Suarez et al. 2011).  However, there is very little previous 
research on whether florivory affects other floral antagonisms or induces changes in 
floral traits.  Additionally, there is almost no data on what traits confer resistance against 
florivores or attract florivores to plants, although it has been hypothesized that many 
traits that attract pollinators may also attract florivores (McCall and Irwin 2006).  
Currently, our understanding of florivory is limited to studies of direct effects on plant 
reproduction and a small number of studies on effects on pollinators.  Since florivores 
likely have much more far-reaching consequences via altering other plant-insect 
interactions or selection on plant traits, it is imperative that we study florivores in a more 
complete context to understand their full effects on plants. 
Flower bud gallers are another guild of floral antagonists that may influence plant 
reproduction.  Flower bud gallers are specialized herbivores that lay eggs in flower buds, 
co-opting the tissue to grow into a tumor-like larva nursery instead of a flower (Crespi et 
al. 1997).  Gallers in general can reduce plant growth and health (Larson 1998, Yukawa 
2000, de Souza et al. 2006, Tooker and De Moraes 2007), compete for resources with 
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plant sinks (Yukawa 2000, Leege 2006), and manipulate plant resources (Larson and 
Whitham 1991, Bagatto and Shorthouse 1994, Hartley 1998) or chemical defenses 
(Hartley 1998, Pascual-Alvarado et al. 2008), but their effects on plant fitness are still 
ambiguous (Fay et al. 1996, de Souza et al. 2006).  Flower bud gallers may have a 
particularly strong effect on plant reproduction because they remove reproductive organs, 
but few studies have directly measured these effects.  Additionally, there have been 
almost no studies testing how gallers affect subsequent plant-insect interactions.  Since 
gallers have the ability to directly alter plant physiology and growth, it is potentially 
important to understand their impacts on other arthropods and indirect effects on plant 
fitness.   
Floral Traits Can Mediate Interactions.  Flowers have many traits that can mediate 
interactions with mutualists and antagonists, and different guilds have varying responses 
to floral traits.  Therefore, understanding how floral traits mediate multiple interactions is 
necessary to predict the evolution of those traits in a given context.  Pollinator 
preferences for floral traits have received the most attention; pollinators tend to prefer 
flowers that are larger (Conner and Rush 1996, Galen 1996, Martin 2004, Asikainen and 
Mutikainen 2005), nectar- or pollen-rich (Cnaani et al. 2006, Brandenburg et al. 2009, 
Aronne et al. 2012), or plants with a larger total floral display (Conner and Rush 1996, 
Ishii et al. 2008, Karron and Mitchell 2012).  Pollinator can also vary with floral color 
(Waser and Price 1981, Frey 2004, Irwin and Strauss 2005, Campbell et al. 2012, 
Malerba and Nattero 2012) or scent (Kawano et al. 1995, Andrews et al. 2007, Galen et 
al. 2011, Kessler et al. 2012).  Information about pollinator preference has informed 
predictions about how plant-pollinator interactions will change across landscapes and 
 6 
 
with changing climate.  For example, climate change has caused snowmelt to occur 
earlier, leaving some alpine plants with less water; these plants produce smaller floral 
displays, which may cause pollinators to switch to other species (Boggs and Inouye 
2012).  In another example, higher temperatures can increase nectar production, leading 
to the testable prediction that pollinators may have more available food per plants 
(Petanidou and Smets 1996, Hegland et al. 2009).   
While a few studies have assessed which floral traits attract nectar robbers (e.g., 
Maloof and Inouye 2000, Galen and Cuba 2001, Galen et al. 2011), little is known about 
how floral traits mediate interactions with most other floral antagonists, including 
florivores and flower bud gallers.  Given the strong negative effects of these antagonists 
on plant fitness (McCall and Irwin 2006, Agrawal et al. 2007, Irwin et al. 2010), our 
understanding of the evolution of floral traits may be significantly changed by including 
these interactions. 
Resources, Floral Traits, and Interactions.  Resource quality and quantity can have 
large effects on plant and floral traits (Mattson 1980, Verhoeven et al. 1996, Hopkins and 
Hüner 2004, Gurevitch et al. 2006), as well as plant-insect interactions (Campbell and 
Halama 1993, Adler et al. 2006, Muth et al. 2008, Onoda et al. 2008, Burkle and Irwin 
2010).  By altering interactions, resource availability may change selection for floral 
traits (e.g., Price 1991, Behmer and Joern 2008, Banta et al. 2010).  However, abiotic 
effects have been considered mostly in the context of leaf herbivores or pollinators, with 
a few studies examining nectar larcenists.  Other floral antagonists, such as florivores or 
flower bud gallers, have rarely been considered.  Additionally, most studies manipulate 
only one resource at a time, even though there have been several examples of non-
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additive effects of multiple resources on leaf herbivores (e.g., Kersch and Fonseca 2005).  
Such non-additive effects may be common in plant-insect interactions, and can have large 
impacts on the selective pressures experienced by plants. 
The Importance of Studying Multiple Interactions.  While many floral antagonists 
individually reduce plant reproduction in some conditions, plants do not interact with 
only one type of antagonist at a time (McCall and Irwin 2006, Agrawal et al. 2007, Irwin 
et al. 2010).  Understanding pairwise interactions may not be sufficient to predict fitness 
outcomes, community composition, coevolution, or shapes of selection in natural systems 
(Thompson and Cunningham 2002, Agrawal and Van Zandt 2003, Agrawal et al. 2007).  
While we have made great strides in understanding the community consequences of leaf 
herbivory for subsequent antagonisms (Stinchcombe and Rausher 2002, Strauss and 
Irwin 2004, Van Zandt and Agrawal 2004a), we know little about the community 
consequences of floral antagonists.  Because floral antagonists directly affect plant 
reproductive organs, their effects on subsequent interactions and plant traits may have 
particularly strong impacts on fitness.   
Dissertation Outline.  The goal of my dissertation is to better understand the 
relationship between plants, floral traits, floral antagonists, and other plant-insect 
interactions.  The work is divided into four chapters that each approach the question from 
a slightly different perspective.  In Chapter 1, I examined the effects of abiotic conditions 
(light, soil nutrients, and soil moisture) on floral traits, floral interactions, and plant 
reproduction.  I found that plants with supplemented soil nutrients grew larger, had more 
attractive flowers, and had more floral visitors.  However, these high-nutrient plants also 
had an increased proportion of floral antagonist compared to floral mutualist interactions, 
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suggesting resource availability may increase the relative costs of floral antagonisms.  
Despite increased antagonisms, high-nutrient plants still reproduced significantly more, 
suggesting that plentiful resources may increase tolerance to antagonists.  Together, these 
results suggest that selection for tolerance instead of resistance traits may be higher in 
areas of high resources. 
Chapter 2 includes two experiments that manipulate flower bud gallers to assess 
effects on subsequent plant-insect interactions.  When galls were manually cut and 
moved between plants, I found that plants that originally had galls tended to receive more 
pollinator visits, even when the galls had been removed.  To test whether this correlation 
between flower bud galls and pollinators was due to changes in plant traits caused by the 
galler or because both insects preferred the same plant traits, I manipulated flower bud 
gallers using gall supplementation and removal.  Galls had no significant effect on 
pollinator choice or leaf herbivory.  This result, coupled with the observation that both 
pollinators and flower bud gallers preferred fertilized plants (Chapter 1), suggests that 
both gallers and pollinators prefer similar plant traits, and that flower bud gallers do not 
alter plant attractiveness to pollinators.  Additionally, there was no effect of the flower 
bud galler supplementation treatment on plant reproduction even though gallers remove 
whole flowers, suggesting that this galling species may not be antagonists or may only be 
antagonists under some conditions. 
In Chapter 3, I manipulated artificial florivory and measured the effects on floral 
traits, plant-arthropod interactions, and plant reproduction.  Plants with florivory had 
significantly less leaf herbivory and fewer flower spiders, and significantly more 
subsequent florivory, suggesting that floral damage can have systemic effects on plants.  
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Induced susceptibility to subsequent florivory in response to floral damage has not been 
previously observed.  Florivory also reduced plant reproduction and significantly reduced 
the ratio of outcrossing to selfing reproduction, but only at intermediate levels of damage.  
This suggests that there is a threshold where intermediate floral damage had significant 
effects on reproduction, but high levels of floral damage did not.  I also calculated 
correlations between early season floral traits and arthropod choice to assess which floral 
traits are involved in attracting floral antagonists and mutualists.  Florivores preferred to 
visit taller plants with more, larger flowers with less pollen, less red coloration, and lower 
levels of anthocyanins.   Pollinators and nectar robbers preferred the opposite floral traits 
compared to florivores (with the exception of plant height), and flower bud gallers had no 
preference for any floral trait measured.  This suggests that some floral traits may be 
effective means of resistance to florivores and nectar robbers but not flower bud gallers, 
and that there may be conflicting selection between pollinators and nectar robbers on 
floral traits. 
I manipulated florivory, pollination, and nectar robbing to assess impacts on floral 
traits, subsequent plant-insect interactions, and plant reproduction for Chapter 4.  I found 
many significant multi-way interactions of the three treatments on floral insect 
interactions, suggesting that interactions with flowers depend on what other species are 
present.  In all cases, the florivory treatment seemed to have a dominant effect, reducing 
pollination, nectar robbing, and nectar thieves, and increasing subsequent florivory.  Only 
when enhanced florivory was absent were the effects of the nectar robbing and 
pollination treatments on subsequent interactions discernible.  This same pattern was 
apparent in the effects on plant reproduction, with florivory always having a dominant 
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effect reducing outcrossing and increasing selfing reproduction, which masked the 
positive effects of pollination and (in some cases) nectar robbing on outcrossing 
reproduction. 
Understanding the role that floral antagonists play in plant ecology can help 
scientists determine which interactions are most important, and may help determine why 
some floral traits exist in their current state.  For example, I found that high levels of 
floral anthocyanins both attracted pollinators and deterred florivores, which may 
reinforce selection for this trait.  It is also important to understand how plants mitigate the 
damaging effects of floral antagonists.  For example, while there was limited evidence for 
induced resistance to florivores, it seems more likely that plants induce tolerance to 
florivory by shifting their mating system towards a proportional increase in selfing.  If 
this is common among plants with mixed mating systems, it may help explain why mixed 
mating systems are maintained, as well as why floral antagonisms often occur at such 
high rates.  Finally, it is important to note that, with the exception of flower bud gallers, 
the presence of all manipulated floral interactions had significant effects on subsequent 
floral interactions.  This suggests that selection for floral traits may be complex, and may 
shift depending on the context of which interactions are present in each location or year.  
Together, this work represents some of the most comprehensive research on the 
community consequences of floral antagonists, as well as the interplay between floral 
traits and floral interactions. 
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CHAPTER 1 
ABIOTIC CONDITIONS AFFECT ANTAGONISTS AND MUTUALISTS IN 
IMPATIENS CAPENSIS 
Abstract 
While the effect of abiotic factors on leaf herbivory is well known, the relative 
importance of abiotic conditions influencing both mutualists and antagonists is less well 
understood.  Species interactions could enhance or reduce the direct effects of abiotic 
factors, depending on how mutualists and antagonists respond to abiotic conditions.  We 
manipulated soil nutrients and shade in a factorial design, and measured soil moisture in 
the annual Impatiens capensis.  We then measured interactions with mutualists (two 
pollinating species) and antagonists (herbivores, florivores, nectar thieves, and flower 
bud gallers), as well as plant growth, floral rewards, and plant reproduction.  Fertilizer 
increased plant growth, floral attractiveness, mutualist and antagonist interactions, and 
plant reproduction.  Shade had no effects, and soil moisture was negatively associated 
with plant growth and reproduction.  All effects were additive.  Mutualist and antagonist 
floral interactions both increased on fertilized plants, but antagonists increased at a 
greater rate, leading to a larger ratio of antagonist to mutualist interactions on fertilized 
plants.  Despite having more antagonists, fertilized plants still had significantly higher 
reproduction, suggesting higher tolerance to antagonists.  The results from this study 
show that abiotic effects can have consistent effects on antagonists and mutualists, and on 
both floral and leaf antagonists.  However, tolerance to antagonisms increased in 
favorable conditions.  Thus, the direct positive effects of favorable abiotic conditions on 
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plants outweighed negative indirect effects via increased antagonisms, suggesting 
selection to grow in high-nutrient microsites in spite of increased herbivory.   
 
Introduction 
Plant ecologists have a long and rich history of studying how abiotic factors such 
as soil nutrients, light, and soil moisture affect plant growth and reproduction.  Nitrogen 
and phosphorus are frequently the most limiting factors for plant growth and 
reproduction, and also increase allocation to attractive or defense traits (Mattson 1980, 
Verhoeven et al. 1996, Hopkins and Hüner 2004, Gurevitch et al. 2006).  Similarly, light 
quality and quantity can strongly affect plants.  Species have different light requirements, 
and exhibit shade avoidance behaviors in too little light and wilting, sun scald, damage to 
photosynthetic machinery, or other heat stress in too much light (Ort 2001, Hopkins and 
Hüner 2004, Sultan 2010).  While water availability has varying effects, water often 
increases plant growth and stimulates plant physiological processes such as 
photosynthesis (Wu et al. 2011). 
Abiotic factors can also have strong effects on interactions with mutualists and 
antagonists.  Soil nutrients can change plant traits such as defenses, nutritional value, or 
attractiveness, frequently leading to decreased (but sometimes increased) herbivory 
(Muth et al. 2008, Onoda et al. 2008) and increased pollinator visitation (Campbell and 
Halama 1993, Adler et al. 2006, Burkle and Irwin 2010).  Light can also affect insect 
behavior, both directly when insects are ectothermic or in danger of desiccation (Dudt 
and Shure 1994, Rossi and Stiling 1998, Gullen and Cranston 2005, Leege 2006, 
Kilkenny and Galloway 2008, Muth et al. 2008) and indirectly by altering plant 
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attractiveness or defenses (Dudt and Shure 1994, Baraza et al. 2004, Kersch and Fonseca 
2005, Muth et al. 2008, Ingersoll et al. 2010).  Similarly, soil moisture can both directly 
and indirectly affect insects.  Sap-sucking insects generally decrease on water-stressed 
plants, while foliar feeders are less predictable (Schowalter et al. 1999, Huberty and 
Denno 2004).  Water availability can affect flower number and rewards such as nectar 
traits (Villarreal and Freeman 1990, Carroll et al. 2001, Bissuel-Belaygue et al. 2002), 
and therefore may also alter interactions with pollinators.   
Variation in the abiotic environment can have unintuitive effects on plant fitness 
by differentially affecting antagonists and mutualists.  For example, fertilized Inga vera 
plants had more herbivory than non-fertilized plants in the sun but not the shade, due to 
differences in ant protection (Kersch and Fonseca 2005).  In another example, Borrichia 
frutescens plants were protected from galling herbivores by large populations of 
parasitoids in nitrogen-enriched plots but not nitrogen-poor plots (Stiling and Rossi 
1997).  Examining differences in the effects of mutualists versus antagonists in varying 
conditions may be especially interesting because the abiotic environment can alter 
conditionality in interactions (Bronstein 1994, Gomulkiewicz et al. 2003, Kersch and 
Fonseca 2005).  For example, mycorrhizal associations with plant roots can be beneficial, 
neutral, or antagonistic depending on nitrogen availability and soil moisture (Heath and 
Tiffin 2007, Kennedy and Peay 2007).   
While there is a large literature addressing how abiotic factors can affect leaf 
herbivores (e.g., Coley et al. 1985, Price 1991, Hopkins and Hüner 2004), floral 
antagonists can be more detrimental to plant fitness because they attack reproductive 
organs (McCall and Irwin 2006, Irwin et al. 2010).  Florivory can be as common as leaf 
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herbivory, and can remove an equivalent amount of tissue (McCall and Irwin 2006).  
Despite the importance of floral antagonists to plant reproduction, we know of no 
experiments testing whether abiotic factors affect floral antagonists similarly to leaf 
herbivores.   
While the effect of individual abiotic factors on plants and insects has been well 
studied, multiple abiotic factors also commonly have non-additive effects.  For example, 
total phenols and hydrolysable tannins were unaffected by fertilizer addition in shade 
treatments, but decreased significantly with fertilizer in sunny open fields (Dudt and 
Shure 1994).  In non-nitrogen fixing plants, sufficient soil moisture is needed to make 
soil nitrogen available for root uptake, but excessive water can cause nitrogen to leach 
away (Mattson 1980, Cronk and Fennessy 2001, Hopkins and Hüner 2004).  Thus, 
studies that examine multiple abiotic factors simultaneously, including effects on plant-
insect interactions and plant reproduction, are needed to understand the role of habitat 
variation on community dynamics.   
We examined the effects of three abiotic factors (soil nutrients, light, and soil 
moisture) on a suite of mutualist (two pollinator species) and antagonist (folivores, 
florivores, nectar thieves, and flower bud gallers) plant-insect interactions, as well as 
plant growth, floral rewards, and plant reproduction.  We manipulated fertilizer addition 
and light in a factorial design and measured natural soil moisture across a gradient to 
determine:  (1) how multiple abiotic factors affect plant-insect interactions; (2) if multiple 
abiotic factors differentially affect mutualist and antagonist insect interactions; and (3) 
how multiple abiotic factors affect plant growth and reproduction.   
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Methods 
Study System and Location.  Impatiens capensis Meerb. (Balsaminaceae) is an 
annual herb native to much of eastern North America.  It grows in partial shade and 
moist, rich soil (Leck 1979).  It has both selfing cleistogamous (CL) and open-pollinated 
chasmogamous (CH) flowers; the showy orange CH flowers lead to more seeds with 
better dispersal and survival (Mitchell-Olds and Waller 1985, Mitchellolds and Waller 
1985, Eastman 1995). CH flowers are pollinated mostly by Bombus sp. and Apis 
mellifera (Apidae), both of which have been shown to be efficient pollinators (Rust 
1977), and are incapable of selfing because the androecium covers the stigma until pollen 
shedding has finished (Rust 1977, Schemske 1978, Eastman 1995, Steets and Ashman 
2004).  Geitonogamy in I. capensis has been estimated at only 8.6% (Waller 1980).  Both 
flower types produce capsule fruits with one to several seeds that dehisce explosively 
when mature. In Massachusetts, I. capensis generally germinates in late April or early 
May, CL flowers begin to appear in May, and CH flowers last from mid July until mid 
September.  Seeds generally are not viable for more than one year (Simpson et al. 1985), 
resulting in little to no seed bank. 
Impatiens capensis has many antagonists.  There are a variety of insect 
herbivores, including true bugs (Hemiptera), grasshoppers (Orthoptera), katydids 
(Tettigoniidae), aphids (Aphidoidea), and Japanese beetles (Scarabaeidae:  Popillia 
japonica), and larger herbivores including deer (Eastman 1995, Steets and Ashman 
2004).  Agromyza borealis (Agromyzidae), a specialist leaf miner fly, attacks only I. 
capensis and I. pallida (Frost 1924, Eastman 1995).  The flowers are robbed by several 
insect species, including Bombus pollinators and Vespula maculifrons (Vespidae), and 
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visits by small nectar thieves are common (Rust 1979, Eastman 1995, Young 2008).  We 
follow previous work (Irwin et al. 2010) in defining nectar robbers as insects that pierce 
the flower or spur to take nectar, and nectar thieves as insects that are too small to contact 
reproductive parts.  Popillia japonica beetles and other generalist herbivores also eat 
flowers (NLSG, pers. obs.).  Finally, there are two species-specific Cecidomyiidae 
gallers:  Cecidomyia fulva, a leaf midrib galler, and Schizomyia impatientis, a flower bud 
galler.   
All field experiments were carried out at Hampshire Farm (N 42º 19’ W 72º 31’) 
at Hampshire College, Amherst, Massachusetts, USA during summer 2008.  The site has 
a large natural population of Impatiens capensis.  Study plots were located along the edge 
of a drainage field covered in a maple-dominated wood, facing northeast to northwest.  
On May 7, we collected I. capensis seedlings less than 50 cm tall from the natural 
population adjacent to our study plots.  Between May 7 and May 12, seedlings were 
transplanted into 10 cm diameter round pots (Fafard #2 potting soil, Conrad Fafard, Inc, 
Agawam, Massachusetts, USA) and maintained in a greenhouse until they were planted 
in the field.  
On June 6 and 7, I. capensis plants were planted under shade structures (see 
Treatments below).  Five plants were placed under each shade structure, with one focal 
plant in the middle and one plant in each corner of the structure.  Measurements were 
taken only on the focal plant, but the border plants were included because I. capensis 
grows naturally in patches.  Any conspecific plants growing naturally in the shade 
structures were removed to keep intraspecific competition constant.  All plants were 45 - 
60 cm tall at transplanting. 
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Treatments.  Light and nutrients were manipulated in a 2x2 factorial design with 
10 replicates in each light-nutrient combination, and natural soil moisture was measured.  
Light was manipulated using 40 wooden structures (1.5m x 1.5m x 1.5m) with the top 
surface covered with 4 mil (0.1 mm thick) clear vinyl sheeting (Ace, Oak Brook, Illinois, 
USA).  Half of the plastic roofs remained clear to simulate sunlight and half were painted 
to simulate foliage shade using a pigment mixture adapted from Lee (1985) designed to 
mimic the R:FR typical of foliage shade.  Briefly, one part Solavperm Yellow G and four 
parts Hostaperm Violet RL 02 (76 g and 303 g, respectively; Clariant Corporation, 
Coventry, Rhode Island, USA) were mixed into 3.785 liters of clear satin polyurethane 
varnish (Ace, Oak Brook, Illinois, USA).  This was then painted onto the vinyl sheeting 
using a paint roller (Lee 1985).  Shade and light treatments were assigned to alternating 
structures to help account for natural gradients in soil and light along the forest edges, 
with twenty structures of each treatment.  Four times during the summer on days with no 
clouds, photosynthetically active radiation (PAR) was measured as photosynthetic photon 
flux (ppf) once an hour under each of the structures using a basic quantum meter (model 
BQM-S, Apogee Instruments, Logan, Utah, USA).  Light levels spanned the range of 
PAR that I. capensis naturally grows in, between 5 and 1500 ppf (Simpson et al. 1985, 
Lechowicz et al. 1988), with shade treatments averaging 171.9 ppf and sun treatments 
averaging 906103 ppf (meanSE).   
On June 11, Osmocote classic controlled release fertilizer (NPK 14-14-14; The 
Scotts Company, Maryville, Ohio, USA) was added to each of the nutrient addition 
treatment plots, with 24 g applied evenly in a 20 cm diameter circle around each plant.  
Plants were watered once two days after fertilizer addition due to excessively dry 
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weather, and thereafter received only natural precipitation.  At the end of the season, soil 
samples were collected from each plot and tested in the University of Massachusetts Soil 
Lab (Amherst, Massachusetts, USA) for nutrient content.  Plots that were fertilized had 
significantly more nitrate, plant-available phosphorus, and potassium than unfertilized 
plots (ANOVA, P < 0.0001 for all), and all nutrient levels (fertilized and unfertilized) 
were within previously published natural levels for I. capensis plants (Simpson et al. 
1985, Lechowicz et al. 1988).   
Soil moisture for each plot was averaged from four measurements per plot 
throughout the summer using a Kelway soil acidity and moisture tester (model HB-2, Kel 
Instruments, Wyckoff, New Jersey, USA), which measures moisture as the percent of 
total soil capacity.  Soil moisture did not differ between shade treatments (mean ± SE:  
sun = 56.3 ± 1.85, shade = 56.1 ± 2.25; t-test, t = 0.06, df = 38, P = 0.95), or between 
fertilizer treatments (mean ± SE:  fertilizer = 55.9 ± 2.01, no fertilizer = 56.5 ± 2.11; t-
test, t = 0.22, df = 38, P = 0.82). 
Plant Measures.  Plant height, the number of nodes, internode length, percent of 
nodes that branched, and leaf area were measured four times during the summer to 
estimate plant growth.  Leaf area was estimated by measuring the length and width of the 
four most fully expanded apical leaves; the product of leaf length and width is highly 
correlated with leaf area (n = 42, r
2
 = 0.998, P < 0.0001).  Maximum measurements were 
used for plant height and number of nodes, and mean values were used for other 
measures.  After the first heavy frost (October 17), all aboveground biomass was 
collected, dried, and weighed for each plant. 
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CH and CL flowers were counted two to three times per week to estimate the 
average number of each type of flower.  We measured CH flower morphometrics on five 
dates on up to three flowers per focal plant, including total flower length, spur length, 
height and width of the corolla lip, and height and width of the corolla opening.   
To measure nectar production, we bagged up to six CH buds per focal plant with 
polyester fiber bags (cut from Fibe-Air greenhouse sleeves, Kleen Test Products, 
Milwaukee, Wisconsin, USA) and allowed the flowers to open.  We  measured nectar on 
half of the flowers in the male stage (approximately two to 24 hours after opening) and 
the other half in the female stage (approximately 36 to 48 hours after opening) because I. 
capensis has different volumes of nectar in male-phase and female-phase flowers (Rust 
1979, Young 2008).  Nectar volume was measured using microcapillary tubes, first 
through the corolla opening and then from the spur by snipping the end and squeezing 
nectar out.  We measured sugar concentration using a handheld refractometer (Fisher 
Scientific, Pittsburgh, Pennsylvania, USA).  The refractometer only measured up to 62% 
sugar; nectar more concentrated was recorded as 63%.   
Fruits were counted approximately every other day from June 12 until September 
12, and mature fruits were counted at the same time beginning July 31.  Total fruit 
production rather than average fruits per day can be counted from pedicel scars from 
dehisced fruits, but the process is extremely time-consuming.  A mid-summer survey 
showed that the average number of fruits present per day was highly correlated with the 
total number of fruits produced up to that point (n = 40, r
2
 = 0.905, P < 0.0001), so 
average fruits per day was used as an efficient way to estimate total fruit production.  
Additionally, six times during the summer all of the mature fruits were collected from 
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each plant to estimate seeds per fruit and seed mass.  These were counted and identified 
as CH or CL, then stored in individual glassine envelopes at 5ºC until seeds were counted 
and weighed.   
Insect Measures.  Pollinators were surveyed approximately weekly between July 
25 and August 5.  We counted total open CH flowers (per plot and per focal plant), and 
only plots with at least one open CH flower on the focal plant were included.  We 
recorded the identity of every floral visitor (to genus only for Bombus spp.) to the plot 
during 15 minute surveys.  We also recorded the number of flowers probed and time per 
probe.  When more than one pollinator visited at the same time, detailed observations 
were only recorded for the first visitor; the second was only counted and identified.  
Weather and time of day were recorded for each visit, and had no significant effect on 
pollinator behavior (ANOVA, F3, 1512 = 1.26, P = 0.28; and correlation, n = 1516, r
2
 = 
0.01, P = 0.064, respectively), so neither was included in analyses.  
Herbivores were surveyed approximately weekly between June 17 and August 13.  
The number and identity of all herbivores was recorded.  Herbivores were sorted into 11 
functional groups (flower galls, small sap suckers, plant hoppers, true bugs, caterpillars, 
beetles, grasshoppers, moths, small flies, non-lepidopteran larvae, and internal feeders) 
for analysis of herbivore diversity.  Since more species and more functional groups are 
likely to be found when  more individuals are counted (Hurlbert 1971), we used 
rarefaction (rarefy() in R; R Development Core Team, 2.9.0, 2009) to calculate the 
expected diversity (the number of functional groups) using the smallest abundance 
measure seen (4 herbivores) as our expected population size.  The goal of this analysis is 
to determine whether diversity would still be different across treatments if plants were 
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constrained to have only 4 herbivores per plant, subsampled from the actual herbivores 
recorded on each plant.  Additionally, leaf area removed was estimated on the four 
topmost fully expanded leaves; since these were the newest leaves, any damage on these 
four leaves would have occurred since the last survey, ensuring we never double counted 
damage.  Four additional surveys of flower galls were carried out between August 23 and 
September 15, because galls are abundant late in the season when much other herbivory 
has declined.  Florivory on CH flowers was recorded five times, measured as the 
proportion of flowers damaged and percent floral tissue missing.   
Statistical Analyses.  General Approach.  We used several principle components 
analyses (PCA) to create composite variables reflecting plant growth, flower 
morphometrics, and plant flowering to reduce the number of variables and 
multicollinearity.  All PCAs were performed using prcomp() in R (R Development Core 
Team, 2.9.0, 2009) and all data used in PCAs were z-score standardized prior to PCA.  
To test the effects of abiotic factors on logical subsets of data, we conducted separate 
MANCOVAs on plant growth, floral rewards, floral visitors, herbivory, and plant 
reproduction; each of these is described in more detail below.  All MANCOVAs were 
conducted using SAS (v 9.2, SAS Institute, 2008) with Type III sums of squares, 
including fertilizer, shade, and the fertilizer x shade interaction term as fixed factors, and 
soil moisture as a covariate.  Individual ANOVAs were investigated when an overall 
MANOVA was significant. 
Plant Growth.  The effects of shade, nutrients, and soil moisture on plant growth 
were tested with a MANCOVA.  Several of the responses were principle components 
from analyses described immediately below.  Response variables included PC1 and PC2 
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of the plant size PCA (representing overall plant size and amount of branching, 
respectively), PC1 of the flower morphometrics PCA (representing flower size), PC1 of 
the flower number PCA (representing number of flowers), and the ratio of CH to CL 
flowers.   
A PCA representing plant size was calculated based on plant height, dry biomass, 
leaf area, percent of branching internodes, internode length, and plant lifespan (Table 
1.1).  Number of branches was squared and biomass and lifespan were square root 
transformed to improve normality.  For PC1, a more positive value indicated an overall 
larger plant (taller, more biomass, larger leaves) while in PC2, a more positive value 
indicated greater branching (more internodes with more of them branching; Table 1.1).  
Flower size was estimated using a PCA on the six measures of flower 
morphometrics (total flower length, spur length, height and width of corolla lip, and 
height and width of corolla opening), which yielded one PC that was strongly correlated 
with overall flower size (Table 1.1).  Total flower length and spur length were squared to 
improve normality.  In this PCA, plot 28 was a multivariate outlier, but removing it from 
the analysis did not qualitatively change results, so it was left in the PCA.  A more 
positive PC value for flower size indicates a larger flower in all six measures (Table 1.1).   
Flowering was estimated with a PCA on the number of CL and CH flowers and 
the Julian date of the first CH flower (Table 1.1).  Number of flowers for both flower 
types was log transformed to improve normality.  Plot 28 was removed because it never 
flowered during surveys.  More positive values for this PC indicate more flowers and 
earlier flowering (Table 1.1).   
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Floral Rewards.  The effect of abiotic factors on floral reward was tested using a 
MANCOVA that included male and female phase nectar volume and concentration; these 
traits were not correlated (correlation, n = 37, r < |0.29|,  P > 0.07 for all) and could not be 
reduced using PCA.  Nectar volume of female phase flowers was log transformed to 
improve normality.     
Floral Visitors.  There were two pollinators seen during pollinator observations, 
Bombus spp. and Apis mellifera, which we included separately in our model.  Many other 
smaller species visited the flowers as thieves, including Augochlora spp. (Halictidae) and 
ants (most likely Formica spp, Formicidae); these visitors were lumped into one category 
of nectar thieves because visitation for individual species was relatively low.  Only six 
nectar robbers were seen all summer, and thus were not prevalent enough to be analyzed. 
Flower visitation was tested using a MANCOVA including the total number of 
Bombus spp., Apis mellifera, and nectar thief probes per plot in 15 minutes as responses.  
In addition to visitation, behavior during visits for Bombus spp., A. mellifera, and nectar 
thieves was tested using an individual MANCOVA for each, including the number of 
flowers probed and the proportion of flowers per plot visited.  The number of probes 
provides an absolute value for total visitation to the plant, while proportion of flowers 
visited is scaled by how many flowers the plant produced; both measures are useful, since 
a plant with many flowers may have more absolute visitation but have a smaller 
proportion of its flowers pollinated.  Time spent per flower was analyzed for Bombus spp. 
and A. mellifera but not nectar thieves as a group because this measure varies by species. 
Herbivores.  Herbivory was tested using a MANCOVA with herbivore 
abundance, diversity (number of functional groups), percent leaf damage, proportion of 
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flowers damaged, percent floral tissue missing, number of flower galls, and Julian date of 
the appearance of the first gall as responses.  Flower galls were included as a separate 
response from the herbivore survey results because most gall surveys did not coincide 
with other herbivore surveys.  Herbivore abundance, leaf damage, percent floral tissue 
missing, and number of galls were log-transformed to improve normality.  Rarefied 
herbivore diversity was tested using a separate ANOVA with fertilizer treatment, light 
treatment, and soil moisture (as a covariate) as explanatory variables. 
Plant Reproduction.  Plant reproduction was measured as the average from 
weekly counts of the number of total fruits and mature fruits, seeds per CH and CL fruits, 
and seed mass for CH and CL fruits, and analyzed using a MANCOVA.  Plot 28 was an 
outlier for seed mass; since plot 28 produced very few fruits, it was removed to improve 
normality.   
 
Results 
Plant Growth.  Fertilizer increased plant growth and flowering (Tables 1.2, 1.3).  
Individual ANOVAs showed that fertilizer increased plant size PCs 1 and 2 (representing 
plant size and branching, respectively), flower PC1 (representing more and earlier 
flowers), and induced proportionally more CH (outcrossing) flowers (Table 1.3, Figure 
1.1).  Plants growing in moister soil had fewer, later blooming flowers and proportionally 
more selfing cleistogamous flowers (Tables 1.2, 1.3).  Flower size was not affected by 
any abiotic treatment.  Shade had no effect on growth or flowering (Table 1.2). 
Floral Rewards.  Fertilizer marginally increased floral rewards (Table 1.2).  
Fertilizer increased the volume of nectar in both male and female phase flowers (Table 
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1.3; Figure 1.1), but did not affect sugar concentration.  Neither shade nor soil moisture 
affected floral rewards. 
Floral Visitors.  Fertilizer significantly increased floral visitation (Table 1.2).  
Bombus spp. pollinators and nectar thieves both visited fertilized plants more than twice 
as often as unfertilized plants, while Apis mellifera pollinators showed no significant 
difference in visitation (Table 1.3; Figure 1.2).  Overall, visitation by nectar thieves 
increased on fertilized plants more than visitation by both pollinator species combined 
(125% vs. 70% increase), suggesting floral antagonists may respond more strongly to 
nutrient additions than pollinators. 
Fertilizer also affected pollinator behavior during visits (Table 1.2).  Bombus spp. 
and A. mellifera both probed a lower proportion of flowers per plant in fertilized plots 
compared to unfertilized plots (Table 1.3).  However, Apis mellifera probed more flowers 
per visit on fertilized plants (Table 1.3), indicating that flower production increased more 
than the number of flowers probed per visit. 
As with pollinators, nectar thief behavior during visits was affected by fertilizer 
but not shade or soil moisture (Table 1.2).  Univariate analyses showed that nectar thieves 
probed a greater absolute number of flowers per visit, but a lower proportion of open 
flowers per visit, on fertilized plants than unfertilized plants (Table 1.3). 
Herbivores.  Fertilizer had a significant effect on overall herbivory (Table 1.2).  
Fertilizer increased herbivore diversity, decreased the proportion of flowers with 
florivory, and resulted in more flower galls that appeared earlier (Table 1.3, Figure 1.3).  
However, fertilizer had no effect on rarefied diversity (F4,35 = 1.01, P = 0.4137), 
suggesting that the number of herbivores may have driven the increased herbivore 
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diversity in fertilized plots.  There was also no effect of fertilizer or any other abiotic 
factor on total number of herbivores, leaf damage, or amount of tissue removed from 
damaged flowers.   
Plant Reproduction.  Plant reproduction was significantly increased by fertilizer 
and negatively correlated with soil moisture (Table 1.2).  Fertilizer increased total fruits, 
mature fruits, and seeds per fruit for CH but not CL fruits (Table 1.3, Figure 1.4).  Total 
fruits, mature fruits, and seed mass for CH fruits were significantly negatively correlated 
with soil moisture (Table 1.3).  Shade had no effect on plant reproduction. 
 
Discussion 
Increased antagonisms and tolerance.  Fertilizer increased antagonisms but still 
led to greater plant growth and reproduction.  Herbivores, flower galls, and nectar thieves 
all preferred fertilized plants (Figs. 2 and 3).  This is consistent with both the Plant Vigor 
Hypothesis, which states that plants with adequate water and nutrients should be more 
attractive and possibly more nutritious to insect herbivores than stressed plants (Price 
1991), and the Resource Availability Hypothesis, which posits that plants that grow in 
low nutrient environments have higher levels of defensive compounds because their 
growth rate is limited and they therefore have a higher exposure time to herbivores 
(Coley et al. 1985).  This is the first evidence we are aware of that floral antagonists can 
be affected by abiotic factors in a manner similar to leaf herbivores.  Previous work found 
increased florivores on Aspilia foliacea with extra nitrogen due to fire, but did not 
measure florivore damage (Prada et al. 1995).   
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Although both Bombus spp. pollinators and nectar thieves preferred fertilized I. 
capensis plants, A. mellifera had no significant preference for fertilized plants.  This led 
to visitation by nectar thieves increasing at a greater rate than visitation by pollinators, so 
that the ratio of thieves to pollinators was greater on fertilized plants.  Both flowering 
(number and date) and nectar volume was significantly greater in fertilized plants (Table 
1.3; Figure 1.1), suggesting that nectar thieves may respond more strongly than 
pollinators to flower number or rewards.  This may mean that pollinators are relatively 
consistent in their visitation, whereas nectar thieves are opportunistic.  Nectar thieves as a 
functional group may also be better at differentiating flowers with high and low nectar 
volumes than pollinators.  Previous work suggests that Bombus pollinators of I. capensis 
cannot discern the amount of nectar rewards in flowers (Rust 1979), but the ability of 
nectar thieves to assess rewards is unknown (Irwin et al. 2010). 
Fertilized plants had significantly more functional groups of herbivores per plant 
(Table 1.3).  Additionally, while fertilizer had no significant effect on the total number of 
herbivores (Table 1.3), there was high variation in herbivore numbers, ranging from 4 to 
429 herbivores, with a trend for fertilized plants to have more total herbivores.  When we 
calculated rarefied herbivore diversity with an expected population size of 4 herbivores, 
rarefied diversity of herbivores was no longer significantly different between fertilized 
and unfertilized treatments, suggesting that the differences seen in herbivore functional 
diversity are due to differences in herbivore number that are too variable to be significant 
in our MANOVA.  Increasing herbivory is common in nutrient-rich plant communities; 
for example, fertilizing a grassland habitat led to greater herbivore abundance and 
richness (Siemann 1998).  Similarly, bracken ferns with added nitrogen had increased 
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herbivore abundance and diversity (Jones et al. 2011).  Both herbivore abundance and 
herbivore diversity can have strong negative effects on plants (Gullen and Cranston 2005, 
Gurevitch et al. 2006, Behmer and Joern 2008), so access to nutrients may make plants 
more vulnerable to leaf damage.   
Although fertilized plants had significantly more floral antagonisms and leaf 
herbivore diversity, I. capensis reproduced significantly more in fertilized plots.  This 
suggests that I. capensis is more tolerant of antagonisms with adequate soil nutrients.  
Soil nutrients, and nitrogen specifically, increase tolerance to leaf herbivory in many 
systems (Wise and Abrahamson 2008, Kohyani et al. 2009, Sun et al. 2010; but see 
Katjiuna and Ward 2006, Marshall et al. 2008, Suwa and Maherali 2008), but only one 
study has measured tolerance to floral antagonists (nectar robbers; Irwin 2009) and there 
are no studies examining the effects of abiotic factors on tolerance to floral antagonists.  
Increased plant growth and allocation to reproduction, both of which we see evidence for 
in this experiment, can serve as methods of tolerating herbivory in fertilized plots (e.g., 
Katjiua and Ward 2006, Suwa and Maherali 2008, Wise and Abrahamson 2008, Kohyani 
et al. 2009, Sun et al. 2010).  Fertilized plants produced more nectar and more flowers, 
which have been suggested as possible methods of tolerating nectar larceny and florivory 
(Irwin et al. 2008, Wise et al. 2008).  Future research should address how well theories of 
resource allocation, resistance, and tolerance relevant to leaf herbivores (such as the 
Optimal Defense Theory, the Plant Vigor Hypothesis, or the Resource Availability 
Hypothesis) can be applied to floral antagonists.   
Pollinators.  Fertilizer increased pollinator visits by Bombus spp. but not A. 
mellifera (Table 1.3).  This suggests that the native pollinators were more sensitive to 
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nutrient availability than the non-native A. mellifera.  There were many plant-level traits 
affected by fertilizer (Tables 1.2, 1.3), suggesting that A. mellifera may forage at a larger 
scale than the plant (i.e. population or landscape).  Others have found differences in 
pollinator response to scale.  For example, Benjamin and Winfree (2011) found that 
smaller bodied bees tended to respond to landscape characteristics at a smaller scale (300 
m radius) than larger bodied bees (1500 m radius).  Factors other than body size, such as 
sensory ability or preferences for one species of plant, could also drive the scale at which 
pollinators respond.  For example, A. mellifera may respond to all species of nectar-
bearing flowers in the landscape, whereas Bombus spp. (individuals or colonies) may 
target I. capensis flowers.  This could be tested by manipulating the presence and density 
of several flowering species in a landscape, and measuring preference by both pollinator 
species for I. capensis.   
Effects of multiple abiotic factors.  Fertilizer.  Overall, fertilizer had the strongest 
effects on all of the insect interactions (florivores, folivores, pollinators, nectar thieves, 
bumblebees, and marginally honey bees) as well as on all plant measures, including 
growth, floral rewards, and reproduction (Table 1.2).  This is not surprising, considering 
the wealth of past literature showing fertilizer effects on plant traits and insect 
interactions (e.g., Campbell and Halama 1993, Kersch and Fonseca 2005, Muñoz et al. 
2005, Adler et al. 2006, Muth et al. 2008, Onoda et al. 2008, Burkle and Irwin 2010).  
The effect of soil nutrients on plants or plant-insect interactions is not always consistent, 
sometimes decreasing defenses (Cornelissen and Stiling 2006) or shifting allocation from 
growth to reproduction, leading to smaller plants (Muñoz et al. 2005, Stiling and Moon 
2005).  Soil nutrients can also frequently have variable effects on herbivores, increasing 
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(Stiling and Rossi 1997, Stiling and Moon 2005, Cornelissen and Stiling 2006), directly 
decreasing (Cuevas-Reyes et al. 2004), or indirectly decreasing (Heil et al. 2001) 
herbivory.  The effects of nutrients on pollinators has not been examined as frequently, 
but may range from positive (Muñoz et al. 2005, Burkle and Irwin 2009) to negative 
(Muñoz et al. 2005) to neutral (Burkle and Irwin 2009).  In this study, however, the 
effects of fertilizer were remarkably consistent. 
Light.  Although previous studies have suggested that light is the most important 
abiotic factor for the growth and reproduction of I. capensis (Simpson et al. 1985), with 
positive correlations between sunlight and plant size, branching, number of flowers, and 
CH:CL flower ratio (Schemske 1978, Waller 1980, Schmitt 1993), there was no 
significant effect of shading on any measure of plant growth, floral rewards, plant 
reproduction, or insect interactions (Table 1.2).  This is somewhat surprising, since I. 
capensis generally grows in shady areas (Lechowicz et al. 1988, Eastman 1995), 
probably because plants cannot close their stomata at midday and so may suffer high 
water loss in full sun (Schulz et al. 1993, Heschel et al. 2004).  However, I. capensis also 
tends to be light-limited for photosynthesis and growth as well as reproduction, and can 
photosynthesize well despite wilting (Waller 1980, Schulz et al. 1993, Heschel et al. 
2004).  The combination of susceptibility to wilting and light-limited photosynthesis 
suggests that intermediate light levels are optimal for plant growth and fitness.  By using 
only two light levels (high and low), this study may have missed an optimal intermediate 
light level that could be investigated in future work.   
Previous work with I. capensis seedlings demonstrated that a decreased red to far 
red (R:FR) light ratio due to foliage shade increased height and length of internodes as an 
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etiolation response, while a high R:FR light ratio increased UV-blocking compounds 
(Maliakal et al. 1999, Dixon et al. 2001, Heschel et al. 2004, Weinig et al. 2004, von 
Wettberg and Schmitt 2005).  However, in the current experiment, there was no effect of 
shade with a reduced R:FR ratio on plant height, growth, branching, or internode length.  
Most previous work examining R:FR shade effects on I. capensis used seedlings, while in 
the current experiment seedlings grew under the same conditions until they were about 40 
cm tall.  The lack of shade effects on growth in our experiment suggest that the etiolation 
response may be strongest in germinating I. capensis.  Since I. capensis germinates in 
dense, closely-spaced populations, there is high early-season intraspecific competition for 
light, and etiolation may be an important early-season response to outcompete neighbors 
(Waller 1985, Schmitt 1993, Lively et al. 1995, Sultan 2010).  By contrast, older plants 
are frequently shaded by overstory trees that have leafed out later in the season, leading 
to consistent shading for all plants and a negligible usefulness of etiolation.  Previous 
research has shown that light has a stronger effect on shade avoidance early in a plant’s 
life (Augspurger et al. 2005, Mathews and Tremonte 2012) or early in the season 
(Augspurger et al. 2005).  Additionally, there has been some suggestion that an etiolation 
response early in a plant’s life primes the plant for etiolation later in life (von Wettberg et 
al. 2012), so it is possible that keeping our plants under fully lighted conditions early in 
growth may have prevented a strong subsequent etiolation response.  The effects of 
abiotic factors may thus depend strongly on plant phenology, suggesting that it is 
important to examine abiotic effects at multiple plant stages. 
Surprisingly, there was no effect of light on floral visitors or herbivores (Table 
1.2).  In other systems, pollinators frequently prefer sunny areas (Kilkenny and Galloway 
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2008).  For example, Campanulastrum americanum plants received up to seven times as 
many pollinators in the sun than in the shade, leading to three times as much pollen 
removed and eliminating pollen limitation (Kilkenny and Galloway 2008).  Pollinator 
preference for light has been shown under canopy gaps in I. capensis previously, with 
more floral visitors frequenting flowers in canopy gaps than under full canopy cover 
(Walters and Stiles 1996).  Similarly, herbivores are often more prevalent in sun than 
shade due to differences in temperature, plant defenses, and/or plant nutritional quality 
(Karban et al. 1999).  However, in this experiment we saw no effect of light on pollinator 
or herbivore preference.  Summer 2008 was unusually warm, with June, July, August, 
and September each averaging 3.5°C above their respective monthly average 
temperatures (National Weather Service 2012).  Overly warm temperatures, exacerbated 
by sun, can cause overheating or desiccation in insects, which could explain the lack of 
preference for sunny plots in this experiment. 
Soil Moisture.  Typically, I. capensis prefers wet areas (Leck 1979, Eastman 
1995), often with soil moistures above 90% of soil mass (Simpson et al. 1985).  Increased 
soil moisture can increase plant size, the CH:CL flower ratio, and flower nectar in I. 
capensis plants (Waller 1980, Marden 1984).  However, plants in this experiment did not 
do as well in wetter soils.  While plants in moister soils achieved the same size, they 
produced fewer flowers, a smaller proportion of outcrossing CH flowers, fewer fruits, 
fewer maturing fruits, and slightly smaller seeds (Table 1.2).  There may be a trade-off 
where soils that are too dry allow plants to easily wilt (Schulz et al. 1993), but soils that 
are too moist keep roots from getting enough oxygen, increase soil acidity, decrease 
nitrogen availability, and can contribute to root rot (Abrahamson and Hershey 1977, 
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White 1984, Lechowicz et al. 1988, Hopkins and Hüner 2004).    However, soil moisture 
was not directly manipulated in this experiment.  Many other microhabitat features vary 
with natural levels of soil moisture, including soil acidity (at this site, correlation, n = 40, 
P < 0.0001, r = -0.608; Soper Gorden, unpublished data), soil texture (at this site, sandy 
soils (low lying areas) = 63.09 ± 1.91% soil moisture, other soils (upland areas) = 51.13 ± 
1.29%; mean±SE; Soper Gorden, unpublished data), oxygen available to roots, and 
nutrient availability, such as soluble nitrogen (Hopkins and Hüner 2004, Huberty and 
Denno 2004).  Any of these or other microhabitat features may have been the underlying 
cause of the negative correlation between soil moisture and I. capensis reproduction in 
this study.   
Lack of non-additive effects.  There was no interaction between light and fertilizer 
(Table 1.2) for any response, even though there are many ways such an interaction could 
occur.  Plants are frequently light- or nutrient-limited (Hopkins and Hüner 2004).  If a 
plant is limited by one abiotic factor, then adding or removing a second non-limiting 
abiotic factor may have no effect on the plant until the critical level of the first abiotic 
factor has been reached, leading to non-additive effects.  Other systems have shown 
interactions between shade and fertilizer.  For example, fertilized Inga vera plants had 
more herbivory than non-fertilized plants in the sun, but not in the shade (Kersch and 
Fonseca 2005).  In both Liriodendron lulipifera and Cornus florida, chemical defenses 
(total phenols, condensed tannins, and hydrolysable tannins) were unaffected by fertilizer 
addition in shade treatments, but total phenols significantly increased and both condensed 
tannins and hydrolysable tannins significantly decreased in sunny, fertilized fields (Dudt 
and Shure 1994).  As I. capensis prefers shady habitats (Leck 1979, Eastman 1995), it 
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seems unlikely that plants were light limited; the general lack of shade treatment effects 
supports this observation.  The lack of significant fertilizer by shade interactions may be 
due to the general lack of any shade effects, precluding interactions with fertilizer.  It 
may be interesting to test how universal the lack of non-additive effects between light and 
soil nutrients is among shade-tolerant plants.   
Conclusions.  This study demonstrated the effects of multiple abiotic factors on a 
network of mutualist and antagonist plant-insect interactions.  Specifically, soil nutrients 
strongly affected all interactions individually, and increased the ratio of antagonist to 
mutualist floral visits.  Floral and leaf antagonists both responded positively to soil 
nutrients.  Despite the indirect negative effects of increased antagonisms, fertilized plants 
still had higher growth and reproduction than unfertilized plants, suggesting higher 
tolerance in favorable conditions.  In this system, positive direct effects of abiotic factors 
on plants may outweigh any negative indirect effects via insect interactions, suggesting 
selection for plants to grow in high-nutrient soils. 
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Tables 
 
Table 1.1.  Loadings from significant principle components from principle 
component analysis on logical subsets of plant and flower data, including total 
variance explained by each PC.   
PLANT SIZE FLOWER SIZE FLOWER NUMBER 
 PC 1   PC 2   PC 1   PC 1  
Height 0.381 0.386 Length 0.415 CH Flowers 0.557 
Biomass 0.470 -0.156 Spur Length 0.379 CL Flowers 0.574 
Leaf Area 0.390 0.264 Lip Height 0.398 CH Start Date -0.600 
Branching 0.137 0.508 Lip Width 0.412   
Nodes  -0.146 0.670 Opening Height 0.422   
Internode 
Length 
0.469 -0.164 Opening Width 0.421   
Lifespan 0.470 -0.152     
Variance  0.611 0.209  0.730  0.806 
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Table 1.3.  Summary of significant results from individual ANOVAs following significant 
MANCOVAs (Table 1.2).  The full ANOVA model included main effects of fertilizer and 
shade treatments, their interactions, and soil moisture as a covariate.  For clarity, only 
significant effects are shown
a
.   
MANCOVA Factor 
Individual ANOVA 
response 
DF  
(N, D) 
F P 
Plant Growth 
Fertilizer 
PC 1 of plant size PCA 
(overall size) 
4, 33 15.06 0.0005 
PC 2 of plant size PCA 
(branching) 
4, 33 10.64 0.0026 
PC1 of flower number PCA 
(more, earlier flowers) 
4, 33 16.85 0.0002 
CH to CL Ratio 4, 33 10.59 0.0026 
Soil 
Moisture 
PC1 of flower number PCA 
(more, earlier flowers) 
4, 33 11.85 0.0016 
CH to CL ratio 4, 33 7.37 0.0105 
Floral 
Rewards 
Fertilizer 
Male nectar volume 4, 31 6.95 0.0130 
Female nectar volume 4, 31 5.77 0.0225 
Floral 
Visitors 
Fertilizer 
Number of Bombus spp. 4, 32 9.56 0.0041 
Number of nectar thieves 4, 32 4.97 0.0329 
Bombus spp. 
Behavior 
Fertilizer Proportion of flowers visited 4, 25 7.82 0.0098 
A. mellifera 
Behavior 
Fertilizer 
Flowers per visitor 4, 19 6.26 0.0217 
Proportion of flowers visited 4, 19 4.94 0.0385 
Nectar Thief 
Behavior 
Fertilizer Proportion of flowers visited 4, 23 9.40 0.0055 
Herbivory Fertilizer 
Herbivore diversity 4, 31 4.41 0.0441 
Proportion florivory 4, 31 13.32 0.0010 
Number of flower galls 4, 31 5.46 0.0260 
Date of first flower gall 4, 31 6.32 0.0174 
Plant 
Reproduction 
Fertilizer 
CH seeds per fruit 4, 32 19.34 0.0001 
Number of fruits 4, 32 27.27 < 0.0001 
Mature fruits 4, 32 22.65 < 0.0001 
Soil 
Moisture 
Number of fruits 4, 32 10.33 0.0030 
Mature fruits 4, 32 11.16 0.0022 
CH seed mass 4, 32 5.11 0.0308 
a Complete list of responses tested:  Plant Growth. PCs 1 and 2 of plant size PCA (representing overall size and 
branching, respectively), PC1 of flower number PCA (representing more, earlier flowers), CH to CL flower ratio, PC1 
of flower size PCA (representing overall size); Floral Rewards. male and female phase nectar volume, male and 
female phase nectar sugar concentration; Floral Visitors. number of visits Bombus spp., A. mellifera, and nectar 
thieves; Bombus spp. Behavior During Visits. proportion of flowers probed, probes per pollinator, time per probe; A. 
mellifera Behavior During Visits. proportion of flowers probed, probes per pollinator, time per probe; Nectar Thief 
Behavior. proportion of flowers probed, probes per thief; Herbivory. number of herbivores, herbivore diversity 
(number of functional groups present), leaf damage, proportion florivory, flower damage, number of flower galls, 
phenology of flower galls; and Plant Reproduction. number of fruits, number of mature fruits, seeds per CH and CL 
fruit, seed mass for CH and CL fruits.   
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Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1.  Effect of fertilizer on plant growth and floral rewards in Impatiens capensis.  
(A) Plant size (PC1 from the plant growth PCA), branching (PC2 from the plant growth 
PCA, representing number and length of internodes), number of flowers (PC1 of 
flowering PCA), and ratio of CH (outcrossing) to CL (selfing) flowers.  (B) Nectar 
volume of male and female phase flowers.  Error bars show standard error.  * = P < 0.05, 
** = P < 0.01, *** = P < 0.001. 
A 
*** 
** 
*** 
** 
0
5
10
15
20
25
Male Phase Flower Female Phase 
Flower
N
e
c
ta
r 
v
o
lu
m
e
 (
μ
l)
Fertilizer
No Fertilizer
-2
-1.5
-1
-0.5
0
0.5
1
1.5
2
P
C
A
 s
c
o
re
 o
r 
ra
ti
o
Fertilizer
No Fertilizer
 Plant  Branching Number CH:CL 
 Size  of Flowers Ratio 
B 
A 
*** 
** 
*** 
** 
* 
* 
 Female Phase 
Flower 
Male Phase  
Flower 
 39 
 
 
Figure 1.2.  Effects of fertilizer on Impatiens capensis floral visitors during 15 minute 
observations.  Visits per plant by:  (A) Bombus spp. pollinators, (B) Apis mellifera 
pollinators, and (C) nectar thieves.  Error bars show standard error.  * = P < 0.05, ** = P 
< 0.01, *** = P < 0.001. 
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Figure 1.3.  Effects of fertilizer on herbivory in Impatiens capensis.  (A)  The diversity of 
herbivores, measured as the number of functional groups found on plants.  (B)  
Proportion of flowers damaged by florivores.  (C)  Number of flower bud galls.  (D) Date 
of first flower bud gall appearance.  Error bars show standard error.  * = P < 0.05, ** = P 
< 0.01, *** = P < 0.001. 
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Figure 1.4.  Effects of fertilizer on Impatiens capensis reproduction.  (A) Number of 
seeds per fruit.  (B) Average mature and total fruits.  Error bars show standard error.  * = 
P < 0.05, ** = P < 0.01, *** = P < 0.001. 
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CHAPTER 2 
INTERACTIONS BETWEEN FLOWER BUD GALLERS, POLLINATION, AND 
PLANT REPRODUCTION 
Abstract 
Herbivores can have strong direct effects on plants by changing patterns of 
growth, physiology, and reproduction, as well as indirect effects by changing interactions 
with other antagonists or mutualists.  However, there are very few experiments testing 
how galling insects affect other plant-insect interactions.  For example, flower bud gallers 
attack flower buds and prevent them from making flowers or setting fruit, but may also 
present a visual or chemical cue that could affect other plant-insect interactions.  I 
conducted two experiments to test the effect of Schizomyia impatientis, a specialist 
flower bud galler of Impatiens capensis, on leaf herbivory, pollination, and plant 
reproduction.  The first experiment manipulated the visual cue of galls by manually 
removing or adding bud galls to plants that initially did or did not have galls.  Plants that 
initially had galls also had increased pollination, but there was no effect of gall presence 
on any other response.  The second experiment manipulated the occurrence of galls by 
supplementing galling insects or removing galls.  In this experiment, I found no effect of 
galling insects on pollination or leaf herbivory.  Both experiments indicate that flower 
bud galls do not act as a visual cue or influence plant physiology in a manner that affects 
pollinator choice.  Additionally, there was no significant effect of galling on plant traits 
or any measure of plant reproduction, although damage to plants via gall or bud removal 
tended to decrease nectar production, increase nectar concentration, and make flowers 
 43 
 
bigger.  These results indicate that, although S. impatientis co-opts floral structures and 
creates a large signal, this galler does not substantially influence other interactions or 
plant fitness.  Altogether, my results suggest we should not assume that insects that 
damage flowers are antagonists, since plants may have strong tolerance mechanisms. 
 
Introduction 
Most herbivores have direct negative effects on the plants they feed on, including 
reduced photosynthesis (Delaney et al. 2008), changes in plant architecture (de Waal et 
al. 2012), allocation of resources to defense instead of reproduction (Coley 1986), water 
loss (Aldea et al. 2005, Nabity et al. 2009), and decreased biomass (Bigger and Marvier 
1998).  Herbivores can also have indirect effects on their host plants.  Herbivore damage 
may affect damage by subsequent herbivores by changing attractiveness or inducing 
changes in allocation and defense (e.g., Zangerl and Rutledge 1996, Wackers and 
Bezemer 2003, Poelman et al. 2008).  Damage to plants may also make them less 
attractive to mutualists, such as pollinators or seed dispersers, by changing visual or 
volatile cues (e.g., Freeman et al. 2003, Kessler and Halitschke 2009, Lucas-Barbosa et 
al. 2011, Whitehead and Poveda 2011) or rewards (Adler et al. 2006, Brody and Irwin 
2012).  Herbivore damage may also attract predators, such as ants or parasitoid wasps, 
through changes in volatile emissions (Kessler and Baldwin 2001, Dicke and Baldwin 
2010).   
Galling insects are specialist herbivores that cause a persistent, swelling growth (a 
“gall”) of plant tissue, inside of which galler larvae grow and feed (Crespi et al. 1997). 
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Galls are prevalent in most plant families and on many important crop species (Crespi et 
al. 1997). They can reduce plant growth and health, but their effects on plant fitness are 
still ambiguous (Fay et al. 1996, de Souza et al. 2006). Like many species, the effects of 
galling insects on plants may be conditional or context-dependent (e.g., Bronstein 1994).  
Most gallers are species-specific and tissue-specific on their host plant (Crespi et al. 
1997).  In addition to changing plant morphology by inducing galls (Gagné 1989, 
Shorthouse and Rohfritsch 1992), galling insects can also manipulate plant physiology.  
Galls are strong sinks and may compete with plant sinks such as new leaves, flowers, or 
fruit for resources (Yukawa 2000, Leege 2006).  Some galling insects manipulate nutrient 
transport in the vascular system (Larson and Whitham 1991, Bagatto and Shorthouse 
1994, Hartley 1998), shunting nitrogen, carbohydrates, and other necessary resources 
from other plant parts to galls.  Other galling insects directly manipulate plant defensive 
chemistry, either keeping the levels of defense in galls low to reduce exposure or storing 
them in high concentrations in the gall’s outer layer as a protection against herbivores and 
predators (Hartley 1998, Pascual-Alvarado et al. 2008).  Gallers may also be able to alter 
or even suppress a plant’s volatile defenses (Tooker and De Moraes 2007).   
Galling insects can have a wide range of direct effects on plants, from negative to 
neutral.  Galls can reduce leaf area (de Souza et al. 2006), reduce photosynthetic rates 
(Larson 1998, Yukawa 2000), stunt plant growth (Yukawa 2000, Tooker and De Moraes 
2007), change plant architecture (Yukawa 2000), and reduce plant lifespan (Yukawa 
2000).  Galls can also lead to slower budburst and earlier leaf senescence (Larson 1998, 
Foss and Rieske 2004).  However, not all galling insects have a negative effect on plants, 
 45 
 
and few studies have tested the effects of gallers on plant reproduction.  Some galling 
insects can act as mutualists as well as herbivores; there are at least three examples of 
galling insects acting as pollinators, including the well-known fig wasps which gall fig 
ovaries while pollinating (Sakai 2002, Luo et al. 2010). 
Although galling insects have ample opportunities to alter defensive or attractive 
traits, the effect of gallers on subsequent plant-insect interactions is almost unknown.  
Galls may attract herbivores because of their high apparency and increased nutritional 
value (Abrahamson and Weis 1987, Schultz 1992).  However, gall tissue also often has 
increased plant defensive compounds, such as phenolics, which may decrease herbivory 
(Hartley 1998, Foss and Rieske 2004, Pascual-Alvarado et al. 2008).  For example, 
ungalled branches and ungalled trees of Quercus palustris had significantly higher 
herbivory than galled branches or trees (Foss and Rieske 2004), which could be a 
function of galling inducing systemic changes in defenses, or of defenses accumulated in 
the galls themselves.  There can also be competition between galling insects on the same 
plant (Kaplan et al. 2011).   
Galling insects can change many traits that pollinators use as cues.  Galls on 
branches or plants may lead to fewer flowers (Fay and Hartnett 1991, Fay et al. 1996, 
Leege 2006), alter flowering phenology (Fay and Hartnett 1991), reduce pollen 
production (Rodriguez-Rajo et al. 2005), change volatile cues (Tooker and De Moraes 
2007), and reduce plant height (Fay and Hartnett 1991, Fay et al. 1996), all of which may 
reduce pollinator preference.  However, some galls produce nectar (Seibert 1993) or 
provide a showy visual cue (Stone and Schönrogge 2003) that could attract pollinators 
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instead.  I am not aware of any published studies that test whether non-pollinating galling 
insects affect pollination, although one unpublished study found that plants with 
intermediate levels of galling had the highest pollination (John Tooker, personal 
communication). 
Schizomyia impatientis (Cecidomyiidae) is a specialist flower bud galler that 
attacks flower buds on Impatiens capensis and I. pallida (Hummel 1956, Eastman 1995).  
They are common in New England, and can occur in large numbers on Impatiens plants, 
yet little is known about how they affect subsequent plant-insect interactions or plant 
reproduction.  These insects gall outcrossing chasmogamous (CH) flowers while selfing 
cleistogamous (CL) flowers are rarely galled; flower buds that are galled cannot produce 
fruits (Hummel 1956).  The galls are large (averaging 7mm diameter, max over 20mm 
diameter; NLSG, unpublished data), roughly spherical, and often maintain the red or 
yellow colors of flowers (NLSG, personal observation).  Since galls remain suspended 
from the pedicel that would have held the flower, they easily bob in the wind, adding to 
their conspicuousness.  Galling insects may affect subsequent plant-interactions in one of 
two ways:  1) by changing visual cues on plants through the addition of large, colorful 
galls that may be attractive to pollinators or other insects, or 2) by preventing buds from 
becoming flowers and co-opting resources, leaving fewer resources for attractive traits, 
chemical defenses, and/or reproduction.   
I conducted two experiments addressing the effects of S. impatientis galls on I. 
capensis plants.  The first experiment compared the effect of initial gall presence or 
absence with manually manipulating galls as visual cues, to determine which factor 
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influenced pollination and leaf herbivory.  Upon finding the initial presence of galls had 
the largest effect on pollinators, I conducted a second experiment manipulating galling on 
plants to determine whether galls were directly responsible for effects on pollinators, leaf 
herbivores, other floral antagonists, plant traits, and plant reproduction.  These 
experiments addressed three questions:  1) do galling S. impatientis effect subsequent 
plant-insect interactions, including pollination and leaf herbivory?  2) do S. impatientis 
galls act as a visual cue to either pollinators or leaf herbivores?  and 3) do S. impatientis 
gallers affect growth or reproduction of I. capensis? 
 
Methods 
Manual Manipulation of Galls.  Field Site and Experimental Design.  On 31 
August 2007, 14 blocks were chosen within large natural populations of I. capensis in the 
Prospect Hill area of Harvard Forest, Petersham, MA (N 42° 32’, W 72° 11’).  Within 
each block, two plants were selected with at least two S. impatientis galls each, and two 
plants lacking galls.  Within each block, one of the plants with galls was randomly 
chosen to have all galls removed.  One of the plants without galls in each block was 
randomly chosen to have two galls sewn onto the stem using a #18 needle and transparent 
nylon thread, allowing galls to hang from thread similar to natural galls from pedicels; 
this resulted in a puncture in the gall, but only a knot of thread around the stem.  Galls 
that remained naturally on one plant per block were punctured with the same needle to 
present equivalent damage.  The other non-galled plant was not manipulated, as a control.  
Plants that had galls before treatments were applied were considered plants with “initial 
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galls;” plants with galls that could be seen by insects, either naturally or tied on, were 
considered plants with “visible galls.”  Altogether, this was a fully factorial experiment 
manipulating initial gall (2 levels) and visible gall (2 levels), resulting in four treatment 
combinations. 
Responses.  For pollinator observations, each plant was pruned before 
observations to have only two open flowers, chosen to be of similar age and height from 
the ground, to provide similar attractiveness to pollinators.  On plants that had no flowers 
removed, two leaves were removed to simulate equivalent damage to the plant.  Each 
block was observed for fifteen minutes each day for three days.  The number of pollinator 
probes (defined as the pollinator entering the flower), pollination rejections (defined as a 
pollinator that spent less than one second at the flower), pollinator taxa, total time each 
pollinator spent at a flower during probes, and nectar robbers and/or nectar thieves was 
recorded.  Nectar robbers take nectar by piercing the corolla, while nectar thieves visit 
flowers normally but are too small to regularly transfer pollen between flowers (Irwin et 
al. 2010).  If one plant in a block did not have two healthy flowers on one day, no data 
was taken for that block on that day.   
Herbivory was measured in three ways.  Before treatments were applied, two 
undamaged leaves on each plant were randomly selected to measure herbivory.  After 
treatments had been applied for three days, the damage to these leaves was tallied on a 
qualitative scale:  0 = no damage, 0.5 = unhealthy/chlorosis, but no leaf area missing, 1 = 
<10% leaf area missing, 2 = >10% leaf area missing.  Next, plants were censused three 
days after treatments were imposed, identifying and counting all insect herbivores.  
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Individual insects were counted to calculate density except in the case of aphids and 
scales, which were assessed as presence/absence, and the number of species present was 
counted for species richness. 
Statistical Analysis.  Three MANOVAs were performed to test the effects of gall 
treatments (PROC GLM; SAS Institute 2003):  (1) Bombus spp. pollinator visitation, 
including number of probes, number of rejections, and nectar robbing by Bombus spp., 
(2) A. mellifera visitation, including number of honeybee probes and rejections, and (3) 
herbivory, including the herbivore damage score, herbivore density, and herbivore 
species richness.  Additionally, I ran two ANOVAs to test time spent per probe by 
Bombus spp. pollinators and by A. mellifera; because time per probe can only be recorded 
for plants that received pollinator visits, the sample sizes for these two responses were 
too small to include in the visitation MANOVAs.  Each analysis included effects of 
initial galls, visible galls, their interaction, and block, all as fixed effects.  Plot 12 was an 
outlier for pollination; removing it from the data set improved normality but did not 
qualitatively change the results, so was left in analyses.  Plot 10 was an outlier for 
herbivore number, with a large aggregation of mating Agrosternum hilare, likely 
attracted by the sex pheromones of A. hilare which also act as aggregation pheromones 
(Aldrich et al. 2007).  Although A. hilare is a frequent herbivore on I. capensis, this 
unusually large number of individuals flew away after mating without feeding on the 
plant; therefore, plot 10 was excluded from statistical analyses of herbivory. 
Galling Manipulation Experiment.  Plant Propagation and Field Site.  Seedlings 
were collected from a natural population of Impatiens capensis at Hampshire Farm on 
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Hampshire College, Amherst, MA (N 42º 19’ W 72º 31’) on 26 April 2009 and 
transplanted into 10 cm pots (Fafard #2 potting soil, Conrad Fafard, Inc, Agawam, MA) 
on 12 May 2009.  Plants were maintained in a greenhouse and watered daily until they 
were about 0.5 m tall. 
On 8 June 2009, 80 plants were planted at Hampshire Farm near a large natural 
population of I. capensis known to have S. impatientis.  Plants were all at least 1.5 m 
away from each other, and were located in the understory of a wet, maple-dominated 
forest where S. impatientis galls are common. 
Treatments.  On 18 September 2008, several hundred naturally-formed galls were 
collected into cups of water.  Schizomyia impatientis larvae emerge from galls that are 
suspended in water and are able to survive in water for several weeks without harm 
(Hummel 1956).  On 28 September 2008, the larvae were transferred to the moistened 
soil surface (Fafard #2 potting soil, Conrad Fafard, Inc, Agawam, MA) of 20 plastic 
22.86 cm diameter (15.24 cm tall) pots where they were allowed to pupate naturally.  In 
total, there were approximately 75 S. impatientis larvae in each of the 20 pots.  To keep 
predators and competitors of S. impatientis out of the pots, each pot had the inside lined 
with two layers of nylon tulle before soil was added, and was topped with two layers of 
tulle tied in place.  Sixty additional pots of the same size were set up in the same manner, 
with moistened soil but no galler larvae. 
All 80 pots were buried to the lip of each pot on 11 November 2008 at Hampshire 
Farm, along the northwest edge of a forest with a natural population if Impatiens 
capensis.  All pots overwintered buried at the site. 
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On 16 June 2009, overwintered pots were dug up and re-buried with one next to 
each of the 80 experimental plants, which were randomly assigned to treatments.  The 
pots with gall larvae were the “gall supplement treatment;” S. impatientis adults are weak 
fliers, and nearly always gall the plant nearest to their emergence (Hummel 1956).  
Twenty plants served as a “control,” with no manipulation.  Twenty plants were in a “gall 
removal treatment,” and any galls appearing on them were removed weekly by cutting 
their pedicel with dissecting scissors.  The final twenty plants served as a “damage 
control treatment.”  Each of these plants was paired with a plant of comparable height 
from the gall removal treatment, and each time galls were removed from the gall removal 
treatment, an equivalent number of flower buds were removed from the damage control 
plants.  Flower buds were removed to replicate the effect of gallers, which co-opt flower 
buds, in an attempt to remove similarly strong resource sinks.  Rarely (n=3), a plant in the 
damage control treatment would not have flower buds to remove; in this case, a lateral 
meristem was removed instead.   
Responses.  To test the effectiveness of treatments, the number of galls was 
measured weekly.  I measured plant growth approximately every other week, including 
height, number of branches, and leaf area of four fully expanded leaves per plant 
(estimated as leaf length times width, which is highly correlated with area:  n=42, 
r
2
=0.998, P<0.0001).  I also counted the number of CH and CL flowers per plant.  I 
estimated flower size using total flower length, nectar spur length, lip size (height x width 
of the lip), and corolla opening size (height x width of the opening) on up to three flowers 
per plant approximately every other week.  For up to three flowers per plant, I measured 
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pollen production and nectar traits in flowers that were bagged as buds with polyester 
mesh (cut from Fibe-Air greenhouse sleeves, Kleen Test Products, Milwaukee, WI).  
Pollen production was determined by collecting whole androeciums into individual 
microcapillary tubes, dried at 45 °C for 24 hours, suspended in 70% ethanol, and counted 
on a hemocytometer six times per androecium for an average value.  Nectar was sampled 
from up to three male-phase flowers per plant using microcapillary tubes, first collecting 
any nectar in the corolla tube, then nectar squeezed from the cut tip of the spur.  Nectar 
volume was measured using microcapillary tubes and sugar concentration was measured 
with a handheld refractometer (Fisher Scientific, Pittsburgh, PA).   
Herbivory was measured nine times during the summer as the percent leaf 
damage on the four most fully expanded leaves, the total number of herbivores present, 
and the richness of herbivore functional groups.  Florivory was measured five times 
during the summer as the proportion of flowers with florivore damage and the percent 
floral tissue missing.  Floral visitor surveys were conducted on eight days with 15 
minutes per plant per survey, for a total of 90.5 hours of floral visitor observation.  I 
recorded the number of floral probes, the identity of floral visitor (including whether they 
were pollinators, nectar robbers, or nectar thieves), proportion of flowers probed per visit, 
and time per flower probe.   
Plant reproduction was estimated by counting the number of fruits approximately 
twice a week, which is highly correlated with total fruit production (Soper Gorden and 
Adler, in review), beginning two weeks after treatments were applied (early enough to 
record all effects of treatments on fruits; Waller 1979) and lasting until the first hard frost 
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of the fall (plant death).  I also collected mature fruits during surveys to measure seeds 
per fruit and seed weight.  All reproduction methods were carried out for both CH and 
CL fruits.  Finally, I estimated the proportion of CH versus CL fruits to test whether 
flower bud gallers shifted plant mating system. 
Statistics.  Nine MANOVA tests (PROC GLM; SAS Institute 2003) were 
performed to test the effect of gall manipulation treatment on galling (to assess 
effectiveness of treatments), plant growth, flower size, floral rewards, floral visitors, 
pollinator behavior, nectar thief behavior, herbivory, and plant reproduction.   
Galling included the date the first gall appeared and the number of galls.  Number 
of galls was log transformed for normality. 
Plant growth was measured as plant height, total aboveground dry biomass, 
number of branches, average leaf area (calculated as leaf length times width), and number 
of CH and CL flowers.  Three plots were missing biomass values due to early die-off and 
were therefore dropped from the analysis, and biomass was log transformed for 
normality.  CH flowers were square root transformed.  
Flower size included total flower length, spur length, lip area, and corolla opening 
size.  Spur length was x
2
 transformed for normality.  The floral rewards analysis included 
pollen production, nectar volume, and nectar concentration.  Nectar volume was square 
root transformed for normality. 
Floral visitation was measured as the number of visits by pollinators and nectar 
thieves per 15 minutes.  Pollinator visits were log transformed and nectar thief visits were 
square root transformed to improve normality.  Pollinator behavior was measured as 
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flowers probed per pollinator, proportion of flowers probed per visitor, and average time 
per flower probe.  Nectar thief behavior was measured as flowers per pollinator and 
proportion of flowers visited; time per probe could not be included because there were 
several species of thieves, each of which probes for a different amount of time.  We 
measured both number of visitors and proportion of flowers probed per visitor as two 
different measures of visitation; the first gives information about the ability to attract 
pollinators to the plant, while the second provides information on how rewarding 
pollinators perceive flowers on that plant to be.  Probes per pollinator and per nectar thief 
were both log transformed. 
Herbivory was measured as average leaf damage, total number of herbivores, 
herbivore diversity, proportion of flowers with florivore damage, and percent flower 
tissue missing from damaged flowers.  Leaf damage, total herbivores, and percent flower 
damage were log transformed, and proportion of flowers with florivore damage was 
square root transformed.  
We measured plant reproduction as the number of CH and CL fruits, average 
number of seeds per CH and CL fruits, average weight per seed for CH and CL fruits, 
and the ratio of CH to CL fruits.  Number of CL seeds per fruit and number of CH fruits 
were both log transformed to improve normality.   
 
Results 
Manual Manipulation of Galls.  Only Bombus spp. and Apis mellifera visited I. 
capensis flowers, with over six times as many Bombus spp. visits as A. mellifera.  
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Bombus spp. were also the only species observed robbing I. capensis, and only robbed 
flower buds.  No nectar thieves were observed.  Initial gall plants had significantly longer 
bumblebee probe times (F1, 35=8.36, P=0.007; Figure 2.1a).  Initial gall also had a 
marginally significant effect on honey bee pollination, while visible galls only had a 
marginally significant effect on honey bee pollination (Table 2.1).  Plants with initial 
galls had significantly more probes by honey bees (ANOVA:  F1, 36=4.45, P=0.04; Figure 
2.1b).  Plants with initial galls also had 2.5 times longer honey bee visits, 1.5 times more 
robbing, and 25% fewer bumblebee rejections.  These effects were not significant, but are 
consistent with a pattern suggesting that overall floral visitors preferred plants with 
naturally occurring galls.  Plants with visual galls tended to have more honey bee 
rejections (ANOVA:  F1, 36=3.17, P=0.08; Figure 2.1c).  There was no significant effect 
of either original or visual gall treatments on herbivory, and no significant effect of the 
initial gall by visible gall interaction on any response measured (Table 2.1).  Insect 
behavior often varied with block (Table 2.1), including the number of honey bee probes 
(ANOVA:  F1, 36=3.80, P=0.0009), number of honey bee rejections (ANOVA:  F1, 
36=2.28, P=0.03), honey bee visit length (ANOVA:  F1, 6=8.03, P=0.01), number of nectar 
robbers (ANOVA:  F1, 36=2.39, P=0.02), herbivore density (ANOVA:  F1, 38=2.42, 
P=0.02), and herbivore richness (ANOVA:  F1, 38=2.58, P=0.01).   
 
Gall Manipulation Experiment.  Treatment Effectiveness.  Gall treatment 
significantly affected the number of galls per plant, but did not affect when flower galls 
first appeared (Tables 2.2, 2.3).  The gall supplement treatment had significantly more 
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galls than the gall removal treatment, with the two controls showing intermediate 
numbers of galls (Figure 2.2).   
Effects on Plant Traits.  The gall manipulation treatments had no effect on any 
measure of plant growth or number of CH or CL flowers (Table 2.2).  Out of the four 
measures of flower size, only corolla lip size had a marginally significant effect (Table 
2.3), with the gall removal treatment having a larger lip area than the other three 
treatments (Figure 2.3a).  There was no effect of treatment on pollen production, but 
flowers from the damage control treatment produced significantly less nectar that was 
marginally more sugar-rich than the unmanipulated plants, with the gall treatments 
intermediate (Table 2.3, Figure 2.3b, c). 
Effects on Insects.  Bombus spp. were the only pollinators observed; nectar thieves 
included halictids and other small bees.  I did not witness any nectar robbing at this site 
during this year.  Treatment did not affect the number of visits by either pollinators or 
nectar thieves or any measure of pollinator behavior during pollination (Table 2.3).  
While there was no effect on the number of flowers nectar thieves visited, plants in the 
gall supplement treatment tended to have a smaller proportion of flowers visited by 
nectar thieves than the damage control treatment, with the unmanipulated plants and gall 
removal plants showing intermediate levels of nectar thieves (Table 2.3, Figure 2.4a). 
There was no significant effect of treatment on leaf herbivory or percent flower 
damage, but the gall supplement treatment tended to have the lowest proportion of 
damaged flowers, while the damage control treatment had the highest proportion (Table 
2.3, Figure 2.4b). 
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Effects on Plant Reproduction.  There was no significant effect of gall treatment 
on any measure of CH or CL reproduction, or on the ratio of CH to CL reproduction 
(Tables 2.2, 2.3).  
 
Discussion 
Plants that initially had flower bud galls also received more pollination, regardless 
of whether those galls were still on the plant when pollinators were observed.  
Bumblebees spent significantly more time per flower and honey bees probed marginally 
more flowers on plants that initially had galls (Figure 2.1); every measure of pollinator 
preference increased on plants with initial galls, although most were not significant due to 
low sample size and high variance.  This suggests that pollinators prefer naturally galled 
plants.  One explanation for this result is that galling insects induce changes that make 
plants attractive.  Alternately, because the presence of initial galls was not randomly 
assigned to plants, it is also possible that both gallers and pollinators prefer the same 
plants.   
While there are instances of specialized relationships where galling insects act as 
pollinators, therefore affecting plant pollination directly (Sakai 2002, Luo et al. 2010), I 
know of no studies testing how galling insects affect other pollinators.  Several studies 
have found that galling insects change traits that may affect pollinator choice, such as 
number of flowers, flower size, nectar production, and plant height (Leege 2006).  
Additionally, galling insects have frequently had negative effects on plant reproduction 
(Yukawa 2000).  In fact, several studies have found that galls compete with other sinks 
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such as flowers and fruits for resources (Larson and Whitham 1991, 1997).  Therefore, it 
seems likely that galling insects have the potential to change pollinator preference.  
However, it is unintuitive and unexpected that a non-pollinating galling insect would 
increase pollinator visitation, since gallers generally reduce resource availability and 
change traits that would make plants less attractive.  
One of the most obvious changes S. impatientis makes to I. capensis plants is the 
visual addition of the galls.  These large, mobile galls often maintain some of the colors 
of the flowers themselves, with yellow, orange, and light red patches on the gall surface.  
These traits make the galls conspicuous and may even help them mimic how flowers 
look.  However, the visual gall treatment only had one marginal effect, leading to an 
increase in the number of rejections by honey bees (Figure 2.1c), suggesting visual cues 
are not the cause of the increase in pollinator visitation on galled plants. 
The gall manipulation experiment allows me to distinguish correlations between 
pollinator and galling preference from causative effects of galls on plant reproduction by 
directly manipulating galling to randomly assigned plants.  I found no effect of galling 
insects on plant pollination.  This, combined with previous results showing that galling 
insects and pollinators both prefer plants with plentiful soil nutrients (Soper Gorden and 
Adler, in review), suggests that galling insects and pollinators may both prefer healthy or 
large plants.  A similar trend may happen in other systems as well.  For example, in Salix 
spp., the same volatiles that attract pollinators also attract galling insects (Kehl et al. 
2010).  In species that gall flowers, it is common to find more galls on plants with more 
flowers (Hummel 1956, Sakai 2002, Kehl et al. 2010); similarly, pollinators often prefer 
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plants with more flowers (Schmid-Hempel and Speiser 1988, Brody and Mitchell 1997, 
Ishii et al. 2008, Kilkenny and Galloway 2008).  Overall, this study provides little 
evidence that these bud gallers make plants more attractive to pollinators in spite of the 
large, colorful galls produced.  Rather, results suggest that galling insects and pollinators 
prefer similar plants. 
Although galling insects are known to act as strong sinks, can directly change 
plant defense and nutrition traits, and could potentially compete with other insect 
herbivores (Larson and Whitham 1991, Bagatto and Shorthouse 1994, Crespi et al. 1997, 
Yukawa 2000, Leege 2006), I saw no effect of gall rearrangement or gall manipulation on 
leaf herbivory (Tables 2.1, 2.2).  Galling insects can interact with plants very differently 
than leaf herbivores.  While chewing damage initiates induced responses via the jasmonic 
acid (JA) pathway, galling insects induce the salicylic acid (SA) pathway, like pathogens 
and sucking insects (Larson 1998, Walling 2000, Ollerstam and Larsson 2003).  By 
inducing the SA pathway, galling insects may be more likely to affect sucking than 
chewing insects, and most of the herbivores found on I. capensis over the two years of 
this study were chewing leaf herbivores, which may not respond to any induced changes.  
Alternately, since many galling insects act as strong sinks and have the ability to control 
the host plant’s physiology (Larson and Whitham 1991, Bagatto and Shorthouse 1994, 
Crespi et al. 1997, Yukawa 2000, Leege 2006), it is possible that S. impatientis prevents 
induced responses that could affect leaf herbivores.   
The gall manipulation treatments affected three flower traits, leading to decreased 
nectar volume and increased flower lip petal size and nectar sugar concentration in the 
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gall removal and damage control treatments (Figure 2.3).  Effects were similar in the gall 
removal and damage control treatments, suggesting that removing flower tissue (either as 
galls or as flower buds) causes changes rather than gall-specific effects.  Plants that had 
tissue removed had significantly less nectar that was marginally more sugar-rich.  
Damage to plants, on leaves or flowers, can lead to significant water loss (Aldea et al. 
2005, McCall and Irwin 2006, Nabity et al. 2009), which may have caused the reduction 
in nectar volume.  Since nectar volume is often inversely related to sugar concentration 
(e.g., Carroll et al. 2001, Petanidou et al. 2006), this could explain both nectar effects.  
Alternately, damage may have caused a change in resource allocation.  For example, 
damaged leaves often become strong sinks until they are repaired (Nabity et al. 2009), 
using resources that could otherwise be used for nectar.  The marginal increase in lip 
petal size in the gall removal treatment, combined with reduced nectar, suggests that 
damaged plants may increase resources in attracting pollinators and decrease resources 
for rewarding pollinators.  Since pollinators of I. capensis may not be able to discern how 
much nectar is in flowers without visiting (Rust 1979), this may be an effective way of 
keeping pollinator visitation high with fewer resources. 
Gall supplementation significantly decreased the proportion of flowers affected 
by floral antagonists.  The gall supplement treatment had a significant lower proportion 
of flowers visited by nectar thieves and florivores than the damage control treatment 
(Figure 2.4).  This change in proportion of flowers visited is not due to a reduction in 
flower number, since galling treatments did not affect the number of flowers per plant 
(Table 2.3).  Instead, it seems that plants with supplemented galls had a lower proportion 
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of flowers visited by floral antagonists, despite having the same number of nectar thief 
visitors as other treatments (Table 2.3), suggesting that florivores and nectar thieves left a 
plant with supplemental galls after probing fewer flowers than a plant without galls.  This 
may mean that flower bud gallers make flowers less attractive to other floral antagonists, 
perhaps by changing allocation, nutrition, or defense properties of flowers.  Alternately, 
since gall or flower bud removal damage decreased nectar volumes (Figure 2.3b), nectar 
thieves may visit more flowers on damaged plants to collect an equivalent amount of 
nectar.  Previous studies have shown that leaf or flower damage can reduce florivory 
(McCall 2006, McCall and Karban 2006); however, the current study’s results found the 
opposite effect.  Previous research in I. capensis suggests that florivores prefer plants 
with low levels of flower damage (Soper Gorden and Adler, in prep), so this may explain 
the increase in florivory on the damage control plants, which had small numbers of 
flower buds removed.   
Overall, there was no significant effect of the gall manipulation treatments on any 
measure of plant reproduction (Table 2.3), even though S. impatientis directly removes 
CH flowers by galling them (Hummel 1956).  This suggests that either plants can 
compensate for the lost flowers, or that flower bud galling occurs at a low enough rate to 
have no effect on plant reproduction.  Impatiens capensis can tolerate other antagonisms, 
including leaf herbivory (Steets 2005, Steets et al. 2006a, Steets et al. 2006b), 
competition (Steets et al. 2006b), and florivory (Soper Gorden and Adler, in prep), by 
shifting towards a greater selfed reproduction.  However, in plants with flower bud 
gallers, there was no increase in CL flowers or CL reproduction, suggesting plants are not 
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shifting mating system to tolerate galling.  Schizomyia impatientis galling occurred at 
below-average levels in 2009 (average of less than 1 gall per plant vs. 6.5 galls per plant 
in 2008; Soper Gorden, unpublished data).  This was likely due to extremely rainy 
weather in June and July, with over twice as much precipitation as normal (June + July = 
44.75 cm in 2009 vs. 20.65 cm average; National Weather Service 2012), leading to late 
flowering and early arrival of galling insects (Soper Gorden, in prep).  Nonetheless, 
removing an average of less than 1 gall per plant may have little effect on plant 
reproduction.  Repeating this experiment in a year with higher galling could demonstrate 
greater fitness effects. 
A limitation of this study is the number of galls on plants in each treatment 
(Figure 2.2).  While gall supplement plants did have significantly more galls than the gall 
removal treatment, they did not have significantly more galls than the unmanipulated 
control with natural levels of galling.  The overall trend, however, is as expected, with the 
gall supplement treatment having the most galls, the gall removal treatment having the 
fewest, and the two controls (unmanipulated and damage control) having intermediate 
levels of galls.  It is likely that any significant differences between treatments were 
washed out by the rainy weather, low total levels of galling, and high gall mortality.  
There may also be differences in plant susceptibility to galling based on genetics or 
resource availability.  For example, other plant species can prevent galling insects from 
ovipositing, or can kill the gallers before they can form a gall (McCrea and Abrahamson 
1987, Anderson et al. 1989, Abrahamson et al. 1991, Ollerstam and Larsson 2003).  
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Therefore, it is possible that plants with more galling insects ovipositing on them do not 
always end up with more galls.   
Conclusions.  Plants that initially had S. impatientis galls were more likely to be 
pollinated, even when those galls had been removed.  However, when galling was 
manipulated by supplementing galling insects, there was no effect of galls on pollinators.  
This, coupled with previous work showing that both gallers and pollinators prefer plants 
with high resources, suggests that S. impatientis do not alter plant attractiveness to 
pollinators but instead that both gallers and pollinators prefer similar plants.  This 
suggests that plants with plentiful resources may experience conflicting selection 
pressures from both antagonists, such as galling insects, and mutualists, such as 
pollinators.  However, in this research I found no evidence that galling insects affect plant 
reproduction.  Instead, the effect of galling insects on plants may range from neutral to 
negative, depending on the intensity of galling, the availability of resources, and levels of 
pollination.  Thus, local geographic or temporal variations may play a large role in 
determining the strength of selection galling insects on plant traits. 
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Table 2.2.  MANOVA results testing the effects of gall manipulation on 
Impatiens capensis.  Significant values (P<0.05) are in bold; values where 
0.05<P<0.1 are in italic. 
 df (n, d) F P 
Flower Galls 6, 124 3.97 0.001 
Plant Growth 15, 196 0.69 0.80 
Flower Size 12, 122 1.14 0.33 
Floral Rewards 9, 66 1.70 0.10 
Floral Visitation 6, 110 1.13 0.35 
Pollinator Behavior 9, 80 0.71 0.70 
Nectar Thief Behavior 6, 48 1.97 0.08 
Herbivory 15, 53 1.47 0.15 
Plant Reproduction 21, 141 1.02 0.44 
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Table 2.3.  Results from ANOVAs testing the gall manipulation treatments on plant 
traits, subsequent plant-insect interactions, and plant reproduction.  Bold values 
indicate significance; italic values indicate marginal significance. 
MANOVA Factor df (n, d) F P 
Flower Galls 
Date of first gall 3, 63 1.46 0.24 
Number of Galls 3, 63 4.54 0.006 
Plant 
Growth 
Plant height 3, 76 0.17 0.92 
Branches 3, 76 0.57 0.64 
Leaf size 3, 76 0.73 0.54 
CL flowers 3, 76 1.36 0.26 
CH flowers 3, 75 0.33 0.80 
Flower Size 
Nectar spur length 3, 49 0.43 0.73 
Total flower length 3, 49 2.07 0.12 
Petal lip size 3, 49 2.48 0.07 
Corolla opening 3, 49 1.84 0.15 
Floral 
Rewards 
Pollen production 3, 30 0.78 0.51 
Nectar production 3, 29 3.30 0.03 
Nectar sugar concentration 3, 29 2.59 0.07 
Floral 
Visitation 
Pollinator visitors 3, 56 1.79 0.16 
Nectar thief visitors 3, 56 0.45 0.72 
Pollinator 
behavior  
Pollinator time per pollinator 3, 35 0.38 0.77 
Probers per pollinator 3, 35 0.61 0.61 
Proportion of flowers probed per pollinator 3, 35 1.48 0.24 
Nectar thief 
behavior  
Probes per nectar thief 3, 25 1.86 0.16 
Proportion of flowers probed per nectar thief 3, 25 2.89 0.05 
Herbivory 
Percent leaf damage 3, 75 2.03 0.12 
Total number of herbivores 3, 75 0.12 0.95 
Herbivore species richness 3, 75 0.95 0.42 
Percent florivory damage 3, 23 0.60 0.62 
Proportion flowers damaged 3, 47 2.58 0.06 
Plant 
reproduction 
CH fruits 3, 76 0.89 0.45 
CH seeds per fruit 3, 58 1.13 0.34 
CH average seed weight 3, 57 1.69 0.18 
CL fruits 3, 76 1.43 0.24 
CL seeds per fruit 3, 74 0.11 0.95 
CL average seed weight 3, 74 0.92 0.43 
Ratio of CH to CL fruits 3, 76 0.76 0.52 
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Figures 
 
Figure 2.1.  Pollination on Impatiens capensis plants comparing initial presence of galls 
and manual gall manipulations.  Error bars show standard error. 
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Figure 2.2.  Effects of gall manipulation treatments on the number of galls and size of 
galls on Impatiens capensis plants.  Different letters indicate treatments that were 
significantly different from one another.  Error bars show standard error. 
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Figure 2.3.  Effects of Schizomyia impatientis galler manipulation on measures of 
Impatiens capensis flower attractiveness.  Letters indicate significant differences between 
treatments; panels without letters were marginally significant only.  Error bars show 
standard error. 
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Figure 2.4.  Effect of Schizomyia impatientis galler manipulations on subsequent floral 
antagonists.  Letters indicate treatments that are significantly different.  Error bars show 
standard error 
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CHAPTER 3 
FLORIVORY ALTERS PLANT-INSECT INTERACTIONS AND DECREASES 
PLANT REPRODUCTION 
 
Abstract 
While leaf herbivory and its effects on plants and plant-insect interactions have 
long been studied, floral herbivory is less well understood, especially in regards to its 
community consequences beyond pollinators and its relationship with floral attractive or 
defense traits.  Since flowers are critical for angiosperm reproduction, the direct and 
indirect effects of florivory on plants and their subsequent interactions may have 
important effects on plant fitness and selection for floral traits.  Additionally, floral 
attractive or defensive traits may mediate interactions with floral antagonists or 
mutualists, and may be altered by floral damage.  We manipulated floral damage in 
Impatiens capensis to mimic florivory and measured effects on floral attractive traits, 
floral chemical defenses, visitation by insect mutualists and antagonists, and plant 
reproduction.  We also examined relationships between early-season floral traits and 
interactions with several floral antagonists and mutualists, to shed light on traits that may 
mediate a range of floral interactions that can impact plant reproduction.  Finally, we 
examined whether early-season floral traits consistent or plastic over the flowering 
season.  Florivory significantly decreased plant reproduction and increased the proportion 
of selfed reproduction, especially at intermediate damage levels.  Additionally, florivory 
increased subsequent natural florivory and decreased leaf herbivory and flower spider 
abundance, suggesting that floral damage induces susceptibility to subsequent florivory 
but induces systemic resistance in vegetative tissues after florivory.  Floral anthocyanins 
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and condensed tannins were associated with reduced levels of many floral antagonisms, 
including florivory, nectar larceny, and flower spider abundance, suggesting these traits 
play a role in floral resistance.  While many floral traits were correlated across the 
season, floral defenses were not, suggesting they are more plastic in response to 
environmental cues.  Overall, our results suggest that florivory may have community 
consequences for other plant-insect interactions, including leaf herbivory, and shape the 
evolution of mating systems.   
 
Introduction 
Flowers are essential organs for angiosperm reproduction, and many plant species 
require pollinators to set fruit.  An estimated 87.5% of all flowering plants are animal-
pollinated (Ollerton et al. 2011), including many of our most important crop plants 
(Losey and Vaughan 2006, Klein et al. 2007).  In fact, there has been a long-standing 
suggestion that pollinators are responsible for the evolution of flowers to their current 
diversity of forms due to selection on floral attractive and reward traits (Darwin 1862, 
Fenster et al. 2004). 
However, there are many antagonists that can also be attracted to flowers.  For 
example, florivores (herbivores that consume flowers) can be as common or more 
common than leaf herbivores (McCall and Irwin 2006).  Florivores can directly reduce 
plant reproduction by damaging pollen or ovules (Krupnick and Weis 1999, Leege and 
Wolfe 2002, McCall and Irwin 2006).  In severe cases, florivores can cause the near 
collapse of plant populations (Washitani et al. 1996).  Florivores can also have indirect 
effects on plant reproduction by changing how other insects, such as pollinators, visit 
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plants (McCall and Irwin 2006).  For example, florivory can reduce nectar production 
(Krupnick et al. 1999), flower size (Mothershead 2000), or flower symmetry (McCall 
2008), all of which can alter attractiveness to pollinators or other floral antagonists.  
While a several studies have tested how floral damage affects pollinator visitation 
(Krupnick and Weis 1999, Botto-Mahan and Ojeda-Camacho 2000, Leavitt and 
Robertson 2006, McCall 2008, Cardel and Koptur 2010, Sõber et al. 2010, Cares-Suarez 
et al. 2011), there have been very few experiments testing how florivores affect other 
plant-insect interactions, including other floral antagonists.  By contrast, community 
consequences of leaf herbivory for subsequent antagonisms are well known 
(Stinchcombe and Rausher 2002, Strauss and Irwin 2004, Van Zandt and Agrawal 
2004a), and the species of herbivore that first damages a plant can have cascading 
impacts on the entire community of subsequent consumers (Van Zandt and Agrawal 
2004a, b). 
Although florivory can have strong impacts on plant reproduction and population 
dynamics, little is known about how plant traits influence florivore choice.  In dioecious 
or gynodioecious plants, florivores preferentially damage male (Cox 1982, Wolfe 1997, 
Ashman 2002) or hermaphrodite (Ashman 2002, Ashman et al. 2004, Asikainen and 
Mutikainen 2005, Lu et al. 2012) flowers over female flowers.  Shorter plants with lower 
flowers (Held and Potter 2004) or plants with smaller or less conspicuous flowers 
(Ashman et al. 2004) may have reduced florivore preference.  In fact, it has been 
hypothesized that many of the traits that attract pollinators will also attract florivores; 
although this has been demonstrated for other floral antagonisms, such as nectar robbing 
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(Maloof and Inouye 2000, Galen and Cuba 2001, Galen et al. 2011), this hypothesis is 
largely untested for florivores (McCall and Irwin 2006).   
Although chemical defenses are most commonly studied in leaves, such defenses 
are also often present in flowers, sometimes at higher concentrations than in leaves 
(Zangerl and Rutledge 1996, Hause et al. 2000, Strauss et al. 2004, Damle et al. 2005, 
Frölich et al. 2006, Frölich et al. 2007), and may influence florivore visitation.  Petals 
often contain the same chemical defenses as leaves (Euler and Baldwin 1996, Adler et al. 
2001, Strauss et al. 2004, Irwin and Adler 2006).  Many nectars also contain chemical 
defenses, such as alkaloids and phenolics (Adler 2000, Irwin et al. 2004, Adler and Irwin 
2005, Adler et al. 2006, Johnson et al. 2006).  Because flowers are intimately related to 
plant fitness, optimal defense theory predicts that flowers should be well-defended (Zangerl 
and Rutledge 1996, Begon et al. 2006, McCall and Irwin 2006, McCall and Fordyce 2010).  
A few previous studies have found that floral chemical defenses can be induced 
following vegetative damage (Euler and Baldwin 1996, Wackers and Bezemer 2003, 
Adler et al. 2006, McCall and Karban 2006), and one study has shown that floral damage 
induces resistance to subsequent florivores (McCall 2006).  However, no one has 
examined whether chemical defenses are induced in flowers following floral damage 
despite possible implications for resistance, allocation, and selection on plant traits, or the 
consequences of such damage and induction for subsequent interactions beyond 
pollination.  Additionally, no one has considered whether damage to flowers can change 
defenses in leaves, despite the fact that florivores can often be generalists that feed on 
leaves as well (McCall and Irwin 2006).  While flowers are often strong physiological 
sinks, which may make sending systemic vascular signals difficult (Hopkins and Hüner 
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2004), flowers are still capable of sending some vascular as well as volatile signals to the 
rest of the plant. 
While florivores are generally considered antagonists, their effects on plant 
reproduction can vary from neutral to negative (McCall and Irwin 2006).  However, most 
studies have focused on total plant reproduction without considering the quality of the 
resulting seeds.  For example, plants with florivory may have equivalent total 
reproduction but increased selfing (Penet et al. 2009).  Selfing, through geitogamy or 
self-pollination, can have negative impacts on population dynamics and gene flow, 
beyond reducing seed production.  For example, selfed fruits can have more limited 
dispersal (Schmitt et al. 1985) or fewer pathogens (Koslow and Clay 2007).  Selfing can 
also alter plant-insect interactions, with sometimes strong consequences for offspring 
fitness.  Inbred plants often have fewer (Walisch et al. 2012), smaller flowers (Andersson 
2012) and smaller leaves (Walisch et al. 2012), and may produce fewer or different 
volatiles (Ferrari et al. 2006).  These changes may alter the plant’s attractiveness to 
pollinators or herbivores.  For example, in a wild gourd, inbred plants produced lower 
levels of volatiles, attracted fewer herbivores, and therefore were less infected by a fatal 
wilt disease transferred by herbivores (Ferrari et al. 2006, Ferrari et al. 2007, Du et al. 
2008). 
We manipulated florivory to measure effects of floral damage on floral attractive 
and chemical defense traits, other plant-insect interactions, and plant reproduction.  
Additionally, we examined associations between early-season floral traits and several 
mutualist and antagonist floral interactions to shed light on the role of these traits in 
attraction or resistance to a range of interactions.  Finally, we tested whether early season 
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floral traits predict late season floral traits, or are more plastic in response to seasonality 
or environmental cues. Overall, this study provides a comprehensive investigation of the 
consequences of floral damage for floral traits, interactions, and plant reproduction. 
 
Methods 
Study System.  Impatiens capensis (Balsaminaceae) is an annual native herb that 
grows in partial shade and moist soil (Leck 1979).  It has a mixed-mating system with 
both selfing cleistogamous (CL) and open-pollinated chasmogamous (CH) flowers. CH 
flowers are protandrous, spending their first ~36 hours in a male phase and their final ~12 
hours in a female phase; each phase produces different amounts of nectar (Soper Gorden 
and Adler, in review), so all nectar was measured in male phase flowers for consistency.  
CH flowers are pollinated mostly by Bombus sp. and Apis mellifera, and are incapable of 
selfing due to flower anatomy and phenology (Rust 1977, Schemske 1978, Eastman 
1995, Steets and Ashman 2004); geitonogamy has been estimated at only 8.6% (Waller 
1980).  Both flower types produce capsule fruits with one to several seeds that dehisce 
explosively when mature. In Massachusetts, I. capensis generally germinates in late April 
or early May, CL flowers appear in May, and CH flowers last from mid July until mid 
September.  Seeds generally are not viable for more than one year (Simpson et al. 1985), 
resulting in little to no seed bank. 
While pollinators are the only known mutualists to interact with I. capensis 
flowers, there are many antagonists.  The flowers are robbed by several insect species 
(including Bombus spp. and Vespula maculifrons), and visits by nectar thieves such as 
ants and halictids are common (Rust 1979, Eastman 1995, Young 2008).  Popillia 
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japonica (Scarabaeidae) beetles and other generalist herbivores act as florivores, eating 
petal and sepal tissue (NLSG, pers. obs.).  There is a species-specific Cecidomyiidae 
flower bud galler, Schizomyia impatientis (Hummel 1956).  Finally, there are a variety of 
insect leaf herbivores, including true bugs (Hemiptera), grasshoppers (Orthoptera), 
katydids (Tettigoniidae), aphids (Aphidoidea), and P. japonica (Eastman 1995, Steets and 
Ashman 2004).   
Several chasmogamous floral traits could be attractive or defensive.  In I. 
capensis, there is significant variation (range, mean±SE for all) in the number of flowers 
(0-634 flowers, 131.4±5.8 flowers, unpublished data), flower size (e.g. flower length 16-
31 mm, 26.0±0.1 mm, unpublished data; Schemske 1978, Steets and Ashman 2004), 
nectar production (0-68 μl, 13.5±0.45 μl, unpublished data; Marden 1984, Lanza et al. 
1995), and pollen production (800-20,600 grains, 7440±540 grains, unpublished data).  
Flowers can also be presented at different heights (29.5-140.4 cm, 67.3±1.9 cm, 
unpublished data).  Flower color can vary from entirely yellow (no red spotting) to 
almost entirely red (extensive red spotting; NLSG, pers. obs.).  While little has been 
published on the role of I. capensis defensive chemistry mediating species interactions, 
Impatiens spp. contain anthocyanins and condensed tannins. Anthocyanins are the most 
common flavonoid pigments, and can attract pollinators (Delpech 2000, Koes et al. 2005) 
and reduce florivore preference (Johnson et al. 2008). Anthocyanins are present in 
Impatiens spp. leaves, flowers, and stems, and cause the variable red spots on the lip 
petals of I. capensis (Aras et al. 2007).  Condensed tannins are common in plant species 
that have anthocyanins, including Impatiens spp. (Waterman et al. 1983).  Although 
condensed tannins are usually measured as vegetative defenses, they are also found in 
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floral tissue and have the potential to deter florivores (Gautierhion and Maisels 1994, 
Burggraaf et al. 2008).   
Study location.  The experiment took place at Hampshire Farm on Hampshire 
College, Amherst, MA (N 42º 19’ W 72º 31’).  The site has a large population of wild I. 
capensis plants.  Study plots were located along the northwest edge of a swampy stand of 
trees.  On May 4, 2010, we collected naturally growing I. capensis seedlings from the site 
and transplanted them into 10 cm diameter pots (Fafard #2 potting soil, Conrad Fafard, 
Inc, Agawam, MA).  Seedlings were maintained in a greenhouse, with daily watering and 
weekly re-randomization of bench location.  
On June 1, 2010, 200 plants were planted at Hampshire Farm, in four rows of 50 
plants closely following the contours of the forest edge to maintain shady conditions.  
Plants were 1 m apart.  Wild growing I. capensis seedlings that were within a 25 cm 
diameter of experimental plants were removed to alleviate intraspecific competition, but 
all other wild plants were left in place.  Transplant survival was high, and only four plants 
needed to be replaced in the first week due to mortality. 
Treatments.  We manipulated floral damage in three treatment groups:  0% 
(control), 30%, or 60% flower tissue removed.  All floral damage treatments were applied 
to every fourth CH flowers using dissecting scissors, removing lip and throat tissue 
without damaging the spur or reproductive parts (Figure 3.1).  Treatments were based on 
previous data (Soper Gorden, unpublished data):  on average, 25% of flowers are 
naturally damaged by florivores that remove approximately 30% of the floral tissue, with 
60% floral tissue removal being well within the normal range.  Natural florivory was 
allowed on all plants. 
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Floral Traits.  All floral traits were measured on CH flowers, which are referred to 
simply as “flowers” hereafter.  We counted total flower production per plant.  Flower size 
was measured on up to three flowers per plant by taking six morphometric measurements 
(lip height and width, spur length, total flower length, and opening height and width), 
which were highly correlated.  A principal components analysis was used to reduce the 
six measures into one variable (prcomp() in R; R Development Core Team, 2.13.0, 2011), 
with the first PC, reflecting flower size, explaining 70% of the variance.   
Nectar volume was measured on up to two male-phase flowers per plant.  Buds 
were bagged with polyester mesh bags overnight to let flowers open.  Nectar was 
collected into microcapillary tubes by inserting the tube into the flower’s throat to collect 
pooled nectar, then snipping the end of the spur and squeezing the remaining nectar into 
the tube.   
Pollen production was estimated using anthers collected from flowers used for 
nectar measurements.  Since the flowers were bagged as buds, no pollen could have been 
removed by pollinators.  We collected the androecium upon initiation of dehiscence and 
excluded anthers that had shed pollen into the flower before collection.  Pollen 
production was estimated by removing the entire androecium into a microcentrifuge tube, 
drying at 45°C for 48 hours, suspending in 1.0 ml 70% ethanol, and counting pollen 
samples six times per androecium on a hemacytometer. 
We collected flowers from each plant twice to measure floral chemical defenses.  
Two flowers (one for anthocyanins and one for condensed tannins) were collected from 
the first flowers produced by each plant before treatments began (July 16 – September 
13); a second set of two flowers was collected after August 30 (131 plants) or when the 
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plant had had at least one treated flower (22 plants), whichever came later.  All flowers 
were photographed with a digital camera for color analysis, then frozen at -80 C until 
defense extraction. 
Anthocyanins were extracted from one early and one late flower per plant using 
modified methods from published sources (Mancinelli 1990, Neff and Chory 1998, Aras 
et al. 2007, Brussland 2007).  Briefly, frozen flowers were ground, allowed to soak in 3 
ml of acidified methanol for 48 hours, filtered, and quantified using a spectrophotometer 
(Genesys 10S UV-Vis Spectrophotometer, Thermo-Scientific) at 530 nm and 657 nm.  
Anthocyanins were calculated as abs(530nm)-0.25abs(657nm), as per Mancinelli (1990).  
Absorbance was weighted by initial flower mass, providing relative anthocyanin 
amounts. 
We extracted condensed tannins using a basic acid butanol extraction, modified 
from Hagerman (2002).  Briefly, frozen flowers were ground with 70% acetone and 
sonicated, with a portion of the resulting supernatant added to acid butanol (5% HCl v/v) 
and 2% ferric ammonium sulfate in 2N HCl, boiled, and measured using a 
spectrophotometer (Genesys 10S UV-Vis Spectrophotometer, Thermo-Scientific) at 550 
nm.  Absorbance values were weighted by initial flower mass, providing relative 
condensed tannin amounts. 
Flower color was quantified from photographs, measured as the percent area of 
the flower lip that was red versus yellow-orange using the threshold and measure features 
on ImageJ (v.1.43, National Institute of Health, 2010).  We measured flower color on two 
flowers before and two flowers after treatments were applied, and calculated the change 
in flower color by subtracting the early average from the late average for each plant. 
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Insect Interactions.  Leaf herbivory was assessed by estimating percent leaf 
damage on the four newest fully expanded leaves three times over the summer.  Leaf 
herbivores, crab spiders, and flower bud galls were counted during herbivory surveys.   
Florivory was measured five times during the summer as the proportion of 
flowers with florivore damage and the percent of floral tissue missing from damaged 
flowers, distinguishing between treatment and natural damage.  This allowed us to test 
how our florivory manipulation affected subsequent natural insect florivory. 
Pollinators, nectar robbers, and nectar thieves were measured during 15 minute 
surveys of each plant with open CH flowers on ten days throughout the flowering period.  
All floral visitors were identified to interaction type (pollinator, robber, or thief) and 
species, and their probe lengths timed.  Bumblebees and honey bees are both legitimate 
pollinators of I. capensis (Rust 1977, Eastman 1995, Steets and Ashman 2004).  Smaller 
visitors (such as halictid bees and ants) were considered nectar thieves unless they were 
explicitly seen manipulating pollen.  Nectar robbers (mostly Vespula maculifrons) could 
be seen chewing holes in nectar spurs and drinking.   
Plant Growth and Reproduction.  Plant growth was measured throughout the 
summer using plant height, the number of nodes, and average leaf size.  Aboveground 
biomass was harvested as each plant died or on October 11 after the first frost, and dry 
biomass was measured.   
Approximately every two weeks, the number of CH and CL fruits on each plant 
was counted.  Total fruit production can be counted from pedicel scars from dehisced 
fruits, but the process is extremely time-consuming.  Previous work showed that the 
average number of fruits per day was highly correlated with the total number of fruits 
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produced up to that point (n = 40, r
2
 = 0.91, P < 0.0001; Soper Gorden and Adler, in 
review), so average CH and CL fruits per day was used to estimate total fruit production.  
Mature fruits were collected and stored at 4°C until seeds per fruit could be counted and 
average seed mass determined.  Seed mass is highly correlated with germination in this 
species (Waller 1985).  Because I. capensis plants can respond to decreased CH 
reproduction with increased CL reproduction without changing total female reproduction 
(e.g., Steets and Ashman 2004, Koslow and Clay 2007), we also calculated the proportion 
of CH vs. CL fruits. 
Statistical analyses.  Effects of Experimental Florivory.  The effect of florivory on 
logical sets of response variables (plant growth, floral defenses, floral attractiveness, and 
nectar and pollen production) were tested using 4 separate MANOVAs (v 9.2, SAS 
Institute, 2008); individual ANOVAs were investigated when MANOVA results were 
significant.  Effects of florivory on plant growth were analyzed using plant height, 
number of nodes, leaf size, and final dry biomass, with biomass log transformed to 
improve normality.  Floral chemical defense was analyzed using floral anthocyanins and 
floral condensed tannins from late-season flowers, and both were square root transformed 
to improve normality.  Floral attractiveness traits were analyzed using the total number of 
CH flowers, flower size (using PC1 from the PCA on flower morphology), and the 
change in redness over the season; both the number of flowers and the change in flower 
redness were log transformed to improve normality.  Because of a limited number of 
samples, nectar production and pollen production were tested in their own MANOVA; 
nectar volume was square root transformed to improve normality.     
 83 
 
Many measurements of floral interactions and plant reproduction were highly 
non-normal, and were therefore tested using generalized linear models (GLIM):  number 
of pollinator, nectar robber, and nectar thief visits; percent leaf herbivory and subsequent 
florivory; number of flower bud gallers and crab spiders; number of CH and CL fruits; 
number of CH and CL seeds per fruit; seed mass for CH and CL fruits; and proportion of 
CH fruits.  For traits measured more than once, the average value per plot was used 
(rounded to the nearest integer for counts).  All GLIMs were run in R using glm() with a 
Poisson distribution and a log link function, comparing a priori contrasts between the two 
damage treatments and between the control and both (pooled) damage treatments (R 
Development Core Team, 2.13.0, 2011).  Because we conducted 14 separate tests, we 
used Bonferroni corrections to set our alpha at P=0.004. 
Effects of Floral Traits.  We used GLIM multiple regressions (glm(); R 
Development Core Team, 2.13.0, 2011) to examine relationships between early-season 
floral traits and insect choice.  All insect responses were highly non-normal and zero-
inflated, and therefore we used a Poisson distribution with a log link function in our 
models.  Our main GLIM regressions tested whether initial plant height, date of first 
flower, and early season measures of floral anthocyanins, floral condensed tannins, and 
flower redness affected each insect interaction in a separate analysis.  Flower size, nectar 
production, and pollen production all had low sample sizes.  Because of this, we 
conducted separate GLIMs testing relationships between flower size and insect 
interactions, and nectar production and pollen production (in one analysis, since they 
have the same sample size) and insect interactions.  Altogether, we conducted 21 GLIM 
regressions, and used Bonferroni corrections to set our alpha at P=0.0024. 
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Finally, to examine floral trait constancy over the season, we used GLIM 
regressions to correlate early and late season floral traits.  This was only possible for 
traits that were measured both early and late in the season (plant height, flowering, floral 
anthocyanins, floral condensed tannins, and flower redness).  For each trait, we regressed 
the late season trait value on the early season trait value using glm() (R Development 
Core Team, 2.13.0, 2011).  Depending on whether the response variable was normally 
distributed or left-shifted, we used either Gaussian distribution with an identity link 
function or Poisson distribution with a log link function in our models (Table 3.2).  Five 
tests were conducted, setting our alpha at P=0.01 after Bonferroni correction. 
 
Results 
Effects of Florivory Treatments.  Florivory had no significant effect on any 
measure of plant growth (MANOVA:  F8, 328=1.29, P=0.25), floral defenses (MANOVA:  
F2, 136=0.05, P=0.99), floral attractive traits (MANOVA:  F2, 86=1.62, P=0.15), or nectar 
or pollen production (MANOVA:  F4, 116=1.00, P=0.41).   
Our florivory treatments significantly increased subsequent natural florivory 
compared to the control (GLIM:  df=161, z=-7.706, P<0.0001), but the medium and high 
florivory treatments were not significantly different from one another (GLIM:  df=161, 
z=0.597, P=0.55; Figure 3.2a).  Florivory also significantly reduced leaf herbivory 
(GLIM:  df=179, z=3.571, P=0.0004) and the number of flower spiders (GLIM:  df=179, 
z=2.844, P=0.004) compared to control plants, with no difference between medium and 
high florivory treatments (GLIM:  df=179, z=-0.706, P=0.48 and df=179, z=-1.211, 
P=0.23, respectively; Figure 3.2).  Florivory also reduced flower galls (GLIM:  df=179, 
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z=2.013, P=0.04) and pollinator visits (GLIM:  df=117, z=2.306, P=0.02), but neither of 
these results were significant after Bonferroni corrections.   
Florivory significantly decreased the number of CH fruits (GLIM:  df=197, 
z=8.568, P<0.0001) and the ratio of CH to CL fruits (GLIM:  df=176, z=6.485, 
P<0.0001; Figure 3.3).  Additionally, the medium florivory treatment had significantly 
fewer CH fruits (GLIM:  df=197, z=-12.268, P<0.0001), fewer CL fruits (GLIM:  
df=197, z=-3.873, P=0.0001), and a smaller CH to CL fruits ratio (GLIM:  df=176, z=-
6.772, P<0.0001) than the high florivory treatment (Figure 3.3).  Thus, while any level of 
florivory reduced reproduction, plants with moderate florivory had significantly less 
reproduction than plants with high florivory or control plants.  There was no effect of 
florivory on number of CL fruits (GLIM:  df=197, z=1.072, P=0.28), seeds per CH or CL 
fruit (GLIM:  df=73, z=-1.605, P=0.11 and df=139, z=0.863, P=0.39, respectively), or 
mass per CH or CL seed (GLIM:  df=73, t=0.125, P=0.90 and df=139, t=1.085, P=0.28, 
respectively).  Additionally, there was no difference between the two levels of damage on 
number of seeds per CH or CL fruit (GLIM:  df=73, z=1.272, P=0.20 and df=139, 
z=0.863, P=0.39, respectively) or mass per CH or CL seed (GLIM:  df=73, t=-0.38, 
P=0.71 and df=139, t=-1.406, P=0.16, respectively). 
Effects of Floral Traits.  Early-season floral traits had many significant 
relationships with behavior of all insects except for flower bud galls (Table 3.1).  
Pollinators and nectar robbers visited taller plants more, and florivores damaged flowers 
on taller plants more.  Nectar thieves visited earlier flowering plants more, and florivores 
damaged late flowering plants more.  Both floral chemical defenses were negatively 
correlated with floral antagonists; initial floral anthocyanins were correlated with more 
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pollinator visits and less florivory, while initial floral condensed tannins were correlated 
with fewer nectar robbers, nectar thieves, and flower spiders, and more leaf herbivory.  
Flowers with more red were visited more often by nectar robbers, but had less florivory.  
Both nectar thieves and florivores preferred larger flowers.  Pollinators and nectar 
robbers visited plants with higher pollen production more often, while florivores 
preferred plants with less pollen production. 
Many early season floral traits were highly correlated with late season flower 
traits (Table 3.2).  Plants that started out as tall seedlings became taller plants.  Similarly, 
plants that flowered earlier had more total flowers, and flower color was significantly 
correlated across time.  Neither anthocyanins nor condensed tannins were correlated 
across time, suggesting that they are more strongly influenced by environment or 
phenology than genotype.   
 
Discussion 
Effects of Florivory.  Experimental florivory reduced plant reproduction by 
leading to fewer CH (outcrossed) fruits, but had no effect on CL (selfed) fruit production, 
number of seeds per fruit, or seed mass (Figure 3.3).  Florivory can affect plant 
reproduction directly, by damaging reproductive organs, or indirectly, by altering floral 
interactions (McCall and Irwin 2006).  In this experiment, the effects on total 
reproduction may not be due to direct damage to reproductive parts, since we only 
damaged petals.  Instead, there are likely indirect effects through changes in other plant-
insect interactions, or changes in resource allocation.  For example, experimental 
florivory increased natural subsequent florivory (Figure 3.2A), which may have caused 
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damage to reproductive parts.  Alternately, there may be a direct cost by removing floral 
tissue containing nutrients, leaving fewer resources to invest in fruits. 
Experimental florivory also reduced the ratio of CH (outcrossed) to CL (selfed) 
reproduction.  This shift towards a greater reliance on self-pollination after florivory is 
seen in other species (Ashman and Penet 2007, Penet et al. 2009).  There have also been 
several studies showing that I. capensis responds to other antagonisms, including leaf 
herbivory and competition, by increasing selfing CL reproduction (Steets 2005, Steets et 
al. 2006a, Steets et al. 2006b).  Making flowers less apparent (for example, with small 
corollas or inserted anthers) may provide resistance to florivores (Ashman et al. 2004, 
McCall and Irwin 2006); increased allocation to inconspicuous CL over showy CH 
flowers could be a mechanism of induced resistance to or tolerance of florivores.  It is 
possible that in plants with a mixed mating system, such as I. capensis, relying on selfing 
may serve as a mechanism of tolerating antagonists.  Compared to leaves and CH 
flowers, CL flowers require few resources to produce (Waller 1979) and inbreeding 
depression for most traits in I. capensis is low (Heschel et al. 2005).  Therefore, tolerance 
via increased selfing may be a more effective strategy than investing in chemical 
defenses against florivory.   
Surprisingly, the 30% florivory treatment had a significantly greater impact on 
fruit production and mating system than the 60% florivory treatment (Figure 3.3).  
Another florivory study in I. capensis also found a stronger effect of medium levels of 
floral damage on subsequent florivory and patterns of defense induction (Boyer et al., in 
prep).  This suggests there may be a damage threshold, with low or intermediate levels of 
floral damage eliciting a stronger response than high levels of damage.  For many 
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species, there is a damage threshold for leaf herbivory which must be reached before the 
plant responds with induced resistance or changes in plant growth (Underwood 2000, 
2010).   In florivory, too, there  can be a threshold of damage that must be reached before 
there are effects on plant reproduction (McCall 2008).  However, there are fewer 
examples where leaf herbivory has the greatest effect at intermediate damage levels (but 
see Huhta et al. 2000, Underwood 2000, Utsumi et al. 2009), and no studies we know of 
that have found this pattern with florivory.  It is possible that plants maintain partially 
damaged flowers for reproduction even if the flowers lack the resources for full fruit 
development, while heavily damaged flowers are aborted and resources reabsorbed to be 
used in future flowers or fruits.  If moderately damaged flowers set few fruits and 
reabsorbed resources can ameliorate the effects of damage, this may explain the pattern 
of moderate damage leading to fewer CH fruits.   
Experimental florivory affected several other species interactions.  Florivory 
increased natural subsequent florivory and decreased both leaf herbivory and the number 
of flower spiders on plants.  This suggests that floral damage may have consequences 
beyond direct damage to flowers or even pollinator deterrence by altering the community 
of subsequent interactions on both flowers and leaves.  While there have been several 
studies finding effects of florivory on pollination (Botto-Mahan and Ojeda-Camacho 
2000, Leavitt and Robertson 2006, McCall 2008, Zangerl and Berenbaum 2009, Cardel 
and Koptur 2010, Sõber et al. 2010, Botto-Mahan et al. 2011), there are few studies 
testing effects on other plant-insect interactions.  In this experiment, not only did 
florivory affect subsequent flower-using insects, but also affected leaf herbivores.  This, 
combined with the fact that florivory affected plant reproduction (Figure 3.3) and 
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exhibited preference for some floral traits (Table 3.1) suggests the potential for 
conflicting selection on plant traits.  Additionally, our results suggest that floral herbivory 
may have as many and as strong indirect effects on communities as leaf herbivore 
(Ohgushi 2008). 
Surprisingly, our floral damage treatments increased subsequent natural florivory.  
This suggests that, rather than inducing resistance in plants, flower damage made plants 
more attractive or less resistant to florivores.  Several leaf herbivory studies have found 
induced susceptibility, where leaf damage leads to increased leaf herbivory (Karban and 
Niiho 1995, Underwood 1998, Kaplan and Denno 2007, Utsumi and Ohgushi 2008).  So 
far, few studies have tested how floral damage affects subsequent florivory, with one 
study finding that floral damage decreases florivory (Boyer et al., in prep).  This study is 
the first we know of that shows induced susceptibility to florivores after floral damage.  It 
is possible that increased florivore attraction after floral damage can be adaptive, and 
flowers that are damaged may be maintained as a “bait” to keep florivores from attacking 
other, healthy flowers.  While florivory treatments still had a negative impact on fruit 
production (Figure 3.3), we applied our treatments to new flowers each time, unlike the 
pattern of natural florivory.  By drawing subsequent floral damage to flowers that are 
already damaged by making those flowers more attractive to florivores, plants may 
reduce the strength of the negative impact on reproduction.  Additionally, by changing 
interactions with other plant antagonists, florivores may have complex effects on 
selection for floral traits via altering the interaction community. 
Floral damage had no effect on either of the two floral chemical defenses 
measured, even though floral damage was a good predictor of future florivory.  Optimal 
defense theory predicts that flowers should be well-defended against damage because of their 
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close association with fitness (Begon et al. 2006, McCall and Irwin 2006, McCall and 
Fordyce 2010).  It is possible that plants protect themselves from florivory using constitutive 
defenses instead of induced defenses to protect flowers before damage occurs.  Indeed 
optimal defense theory predicts higher levels of constitutive versus induced defenses in costly 
tissues (McCall and Irwin 2006, McCall and Fordyce 2010).  Although we did not 
manipulate floral chemical defenses in this experiment, we did see a negative correlation 
between anthocyanins and florivory (Table 3.1), and anthocyanins have been implicated as 
defenses against florivores in petunias (Johnson et al. 2008).  However, natural levels of 
florivory are high despite anthocyanins, reaching 90% on some flowers (NLSG, unpublished 
data).  Impatiens capensis may rely on tolerance mechanisms (such as increasing selfing) 
instead of resistance. 
While experimental florivory increased subsequent florivory, we saw induced 
resistance to other antagonists.  Floral damage decreased the amount of leaf herbivory 
(Figure 3.2b), suggesting either a systemic change signaled by floral damage that induces 
vegetative resistance, or that floral damage induces volatiles that deter leaf herbivores.  
While previous studies have shown that damage to leaves can induce resistance in 
flowers (Euler and Baldwin 1996, Wackers and Bezemer 2003, Adler et al. 2006, McCall 
and Karban 2006), we are unaware of previous work examining how floral damage 
affects vegetative resistance.  All of the florivores on I. capensis are generalists that 
consume leaves as well as flowers.  Thus, if florivory accurately predicts the possibility 
of leaf damage by the same insects, induced vegetative resistance in response to floral 
damage could be adaptive (Karban et al. 1999).  Alternately, since experimental florivory 
caused increased natural florivory as well as decreased leaf herbivory, these generalist 
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insects may have chosen to switch from feeding on leaves to feeding on flowers, either 
because flowers became more attractive or nutritious, or because leaves became less so. 
There were significantly fewer flower spiders on plants with experimental 
florivory (Figure 3.2c), perhaps because our treatments altered floral symmetry and 
flower spiders prefer symmetrical flowers (Wignall et al. 2006).  Although we only 
measured flower spiders in response to florivory, this change in spider abundance may 
have larger community effects on plants with or without florivory.  Not only can flower 
spiders have significant negative impacts on pollinators and plant reproduction, but can 
also affect seed predators and possibly other plant-insect interactions (Louda 1982).  
Florivory may have indirect positive effects on pollination by reducing the number of 
flower spiders, perhaps leading to greater outcrossing or healthier seeds.  However, 
flower spiders can consume nectar thieves and nectar robbers as well as pollinators on I. 
capensis (NLSG, personal observation).  Since there tended to more nectar larcenists than 
pollinators, florivory may have indirect negative effects on pollination by reducing flower 
spider numbers and removing their predation on nectar larcenists.  The final outcome of 
the effects of florivory on flower spiders likely depends on what other insects are 
interacting with plants and in what densities. 
Although our florivory treatments altered flower size and symmetry (Figure 3.1), 
both of which can significantly affect insect behavior (Lehrer et al. 1995, Møller and 
Eriksson 1995, Lara and Ornelas 2001, Kaczorowski et al. 2012), none of the nectar-
feeding insects, including pollinators, were significantly affected by flower damage.  This 
suggests that visitors to I. capensis flowers are driven more by rewards such as nectar and 
pollen, neither of which we manipulated with our damage treatments, than visual cues.  
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This hypothesis is consistent with a study showing that altered symmetry had no effect on 
pollinator visitation or plant reproduction in Impatiens pallida, a congener of I. capensis 
(Frey et al. 2005).   
Effects of Floral Traits.  As seen in many previous studies, many insects preferred 
larger plants with more flowers (Table 3.1):  pollinators, nectar robbers, and florivores 
preferred taller plants, while nectar thieves preferred earlier flowering plants.  This can be 
a function of plant resources, where plants with higher resources grow larger and 
therefore attract more interactions (Burkle and Irwin 2010).  Florivory was higher on 
plants with a late flowering date more, which is surprising since early flowering date was 
correlated with more total flowers per plant (Table 3.2).  This means there may be 
conflicting selection on flowering data by florivores and nectar thieves, the outcome of 
which will depend on their relative densities and effects on plant reproduction.  
Florivores and nectar thieves both visited plants with larger flowers more frequently, 
while pollinators and nectar robbers both preferred plants with greater pollen production 
(Table 3.1).  Nectar larcenists are often attracted to floral traits such as larger flower size 
and greater floral rewards (Irwin et al. 2010).  Florivores preferred to visit flowers with 
low pollen production, suggesting either that florivores do not target pollen as a source of 
food, avoid excess pollen (perhaps due to high defense levels in pollen; see Gronquist et 
al. 2001, Frölich et al. 2006), or cause plants to produce less pollen.  Although most floral 
traits were measured before treatments began, pollen production was only measured once 
in the middle of the summer, making it difficult to differentiate between effects of pollen 
on florivores and vice versa.  It is interesting that nectar production was not correlated 
with any insect choice (Table 3.1).  In Impatiens spp., nectar production is continuous 
 93 
 
(Rust 1977, Marden 1984), allowing compensation for nectar removal (Temeles and Pan 
2002).  Therefore, it is possible that insects do not discriminate based on nectar volume 
because nectar is constantly produced.   
This study is one of the most comprehensive examinations of floral defenses, in 
terms of both induction after florivory and effects on insect preference.  We found that 
the two floral defenses measured (anthocyanins and condensed tannins) were both 
associated with differences in insect preference.  Plants with more floral condensed 
tannins had fewer nectar robbers, nectar thieves, and flower spiders, suggesting these 
secondary compounds may act as an effective floral defense.  Condensed tannins have 
been shown to deter leaf herbivores in several studies (reviewed in Barbehenn and 
Constabel 2011), but this is the first investigation of their ecological role in floral tissue.  
Plants with more floral anthocyanins had less natural florivory and more pollination.  
Anthocyanins play many roles in plants.  Aside from providing protection against UV 
damage (Mancinelli 1990, Dixon et al. 2001, Close and Beadle 2003, Karageorgou and 
Manetas 2006), anthocyanins act as pigments providing red or blue color (Rausher 2008, 
Tanaka et al. 2008).  These pigments in petal tissue can significantly affect pollinator 
preference, often increasing pollinator visitation (Schemske and Bradshaw 1999, 
Hoballah et al. 2007) (but see Irwin et al. 2003).  In our system, pollinator attraction to 
anthocyanins is not entirely due to color, since there was no correlation between early 
season flower redness and pollinator preference (Table 3.1).  In addition to UV protection 
and pigmentation, anthocyanins have also been implicated as a resistance trait against 
florivores.  In Petunia, florivores avoided segments of petal tissue colored by 
anthocyanins, and insect florivores gained less weight when fed on anthocyanin-rich petal 
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tissue than white petal tissue (Johnson et al. 2008).  Our negative correlation between 
anthocyanins and florivory suggests that anthocyanins may provide resistance to florivory 
in I. capensis as well. 
Some floral traits were significantly correlated over time, including plant height, 
flowering, and flower redness (Table 3.2).  While it may not be surprising that tall plants 
stayed tall or that early flowering plants flowered more, these results do suggest that there 
is little plasticity in flower color.  This is supported by the observation that individual 
plants had a bivariate distribution of flower color, with consistently all low-red or all 
high-red flowers (NLSG, unpublished data), suggesting a genetic basis to this trait.  
Neither of the two floral chemical defenses (anthocyanins or condensed tannins) were 
correlated across time, indicating floral defenses are more plastic, possibly via induction 
after damage.  While we saw no effect of florivory on floral defenses, there are many 
other antagonists which could induce resistance in I. capensis flowers.  For example, 
since nectar larcenists are negatively correlated with floral condensed tannins (Table 3.1), 
plants may induce floral condensed tannins after nectar robbing to protect against future 
antagonisms (Irwin et al. 2010).  Alternately, the levels of chemical defenses in flowers 
may depend more on phenology or seasonal resource availability. 
Conclusions.  Florivory significantly reduced plant reproduction and altered 
mating system expression, leading to a greater proportion of selfed reproduction.  
Decreasing allocation to outcrossing reproduction could provide a mechanism of 
tolerating florivory, or of resistance through reduced floral display.  Experimental 
florivory increased subsequent natural florivory, suggesting that either damaged flowers 
are more attractive to florivores or that generalist consumers move from leaves to flowers 
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after florivory damage.  Surprisingly, our florivory treatments significantly reduced leaf 
herbivory, suggesting a systemic response to flower damage that has not been examined 
previously.  Two floral chemical defenses, condensed tannins and anthocyanins, were 
both negatively correlated with several floral antagonisms, adding to a growing literature 
identifying floral chemical defenses that confer resistance to floral antagonists.  However, 
we found no evidence that florivores induce either anthocyanins or condensed tannins in 
flowers.  Overall, our results suggest that florivory may shape the community of species 
that interact with plants, alter interactions such as leaf herbivory that occur outside the 
realm of flowers, and shape the evolution of mating system.   
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Table 3.2.  GLIM regression results between early season floral traits on late 
season floral traits in Impatiens capensis.  Bold P values indicate significance after 
Bonferroni corrections set alpha at P=0.01. 
Test  Distribution 
Test 
Statistic P Value 
Early floral condensed tannins on late Gaussian t=-0.399 0.69 
Early floral anthocyanins on late Gaussian t=1.110 0.27 
Early flower redness on late Poisson z=49.29 <0.0001 
Date of first flower on total flowers produced Poisson z=-38.27 <0.0001 
Initial seedling height on final plant height Gaussian t=5.401 <0.0001 
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Figures 
 
 
Figure 3.1.  Flower damage treatments, showing the amount of petal tissue removed from 
the lips and throat of flowers in each treatment.  Treatments were applied to every fourth 
flower on each plant in each treatment using dissecting scissors.   
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Figure 3.2.  Effect of artificial florivory (no damage, 30% flower tissue removed, or 60% 
flower tissue removed) on plant antagonists in Impatiens capensis.  A) percent floral 
tissue removed due to subsequent natural florivory.  B) Percent leaf damage due to leaf 
herbivores.  C) Number of flower spiders per plant.  For each test, we used generalized 
linear models with a Poisson distributions to test whether the combined damage 
treatments were different from the control, as well as whether the medium treatment was 
different from the high treatment.  Error bars show standard error.  Different color bars 
indicate damaged plants are significantly different from the control; letters indicate if the 
two damage treatments are significantly different from each other at alpha = 0.005 (with 
Bonferroni correction). 
  
0
0.1
0.2
0.3
Control 30% 
Damage    
60% 
Damage    
Fl
o
w
e
r 
S
p
id
e
rs
 (
#
)
0
2
4
6
8
10
12
Control 30% 
Damage    
60% 
Damage    
N
at
u
ra
l F
lo
ri
vo
ry
 (%
)
0.0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
Control 30% 
Damage
60% 
Damage
Le
af
 D
am
a
ge
 (%
)
A 
B 
a 
a 
a a 
a 
a 
C 
 100 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3.  Effect of artificial florivory (no damage, 30% flower tissue removed, or 60% 
flower tissue removed) on Impatiens capensis reproduction.  “CH” (chasmogamous) is 
outcrossing reproduction, while “CL” (cleistogamous) is selfed reproduction.  A) number 
of CH fruits.  B) number of CL fruits.  C) Proportion of all fruits that were outcrossed vs. 
selfed.  For each test, we used generalized linear models with a Poisson distribution to 
test whether the combined damage treatments were different from the control, as well as 
whether the medium treatment was different from the high treatment.  Error bars show 
standard error.  Different color bars indicate damaged plants are significantly different 
from the control; letters indicate if the two damage treatments are significantly different 
from each other at alpha = 0.004 (with Bonferroni correction).  
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CHAPTER 4 
CONSEQUENCES OF MULTIPLE FLORAL INTERACTIONS FOR 
SUBSEQUENT INTERACTIONS AND PLANT REPRODUCTION  
 
Abstract 
Plants often interact simultaneously with multiple floral antagonists and 
mutualists.  Despite a recent interest in studying the community context of multiple 
interactions, very few studies have tested the effects of multiple floral interactions on 
subsequent plant-insect interactions, floral traits, or plant reproduction.  Additionally, 
most studies of floral interactions have been pairwise in nature, while floral interactions 
may have non-additive effects that cannot be predicted from the outcome of each 
interaction in isolation.  We manipulated florivory, nectar robbing, and pollination on 
Impatiens capensis to determine interactive effects on floral traits, subsequent plant-
insect interactions, and plant reproduction.  We found that florivory significantly deterred 
both pollinators and nectar larcenists, but increased subsequent florivory.  Surprisingly, 
pollinators and nectar larcenists both preferred plants that had previously been pollinated 
and robbed, even though many other plant species reduce floral attractive traits after 
successful pollination or nectar robbing.  All treatments had significant multi-way 
interactions on subsequent floral visitors, indicating that the effect of one interaction 
depends on the presence of other interactions.  Additionally, this frequently led to a 
ranking of interaction importance:  for nectar feeders, florivory had a dominant negative 
effect that eclipsed the secondary positive effects of pollination and nectar robbing.  The 
only floral trait influenced by floral interactions was the production of outcrossing 
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flowers, which was reduced by florivory.  This result, combined with shifts from 
outcrossing to selfing reproduction in the presence of florivores, suggests that I. capensis 
may tolerate or resist florivory by shifting the mating system towards more selfing.  
There were three-way multivariate effects of floral interactions on plant reproduction; 
florivory tended to reduce outcrossing and increase selfing reproduction, while 
pollination resulted in greater outcrossing reproduction and decreased selfing 
reproduction in the absence florivory.  Taken together, our results suggest that florivory 
has stronger effects on I. capensis than pollination or nectar robbing, a result that would 
not have been obvious by examining pairwise interactions.   
 
Introduction 
Plants interact with many types of antagonists.  Floral antagonists may have 
particularly strong effects on plant reproduction because flowers are closely related to 
reproduction, and yet floral antagonists are studied much less frequently than leaf 
antagonists (McCall and Irwin 2006, Irwin et al. 2010).  While many floral antagonists 
have individually been shown to reduce plant reproduction in some conditions, plants do 
not interact with only one type of antagonist at a time (McCall and Irwin 2006, Agrawal 
et al. 2007, Irwin et al. 2010).  The effect of one floral antagonist on the behavior of 
others is relatively unknown.  For example, florivory changes floral symmetry (McCall 
2008), volatile emissions (Lucas-Barbosa et al. 2011), nectar guides (Botto-Mahan and 
Ojeda-Camacho 2000), rewards (Krupnick et al. 1999), and resistance traits (McCall 
2006), all of which could affect the preference of other floral antagonists or mutualists.  
Understanding pairwise interactions in isolation is often insufficient to predict fitness 
 103 
 
outcomes, community composition, coevolution, or shapes of selection in natural systems 
(Thompson 2002, Agrawal and Van Zandt 2003, Agrawal et al. 2007).  Ecologists now 
realize the importance of studying plant-animal interactions in a more comprehensive 
context, integrating the direct and indirect effects of many antagonists and mutualists 
simultaneously (Thompson 2002, Agrawal et al. 2007).  While it is known that the 
diversity of leaf damage on a plant can structure subsequent whole-plant interactions 
(e.g., Van Zandt and Agrawal 2004a, Johnson and Agrawal 2007, Ohgushi 2008, Utsumi 
et al. 2009), consequences of multiple floral antagonisms on subsequent floral 
interactions are largely unknown. 
Typically, studies that include both pollinators and plant antagonists assume that 
antagonists affect pollinators but not vice versa (e.g. Bronstein et al. 2003, Ivey and Carr 
2005).  Many studies have demonstrated that nectar robbers (Irwin and Brody 1998, 
Maloof and Inouye 2000, Temeles and Pan 2002, Richardson 2004) and florivores 
(Botto-Mahan and Ojeda-Camacho 2000, Malo et al. 2001, Leavitt and Robertson 2006, 
McCall 2008, Cardel and Koptur 2010, Sõber et al. 2010, Botto-Mahan et al. 2011, 
Cares-Suarez et al. 2011) affect pollinator preference.  However, research is lacking on 
whether pollinators can affect floral antagonists.  Pollination can alter plant traits in many 
ways, including changes in flower color (Weiss 1991, Nuttman and Willmer 2003), floral 
sex ratio (Sato 2002), shape (vanDoorn 1997), and longevity (vanDoorn 1997, Sato 
2002).  These changes can often make flowers less attractive to subsequent pollinators 
(Weiss 1991, vanDoorn 1997, Sato 2002, Nuttman and Willmer 2003).  Since many 
floral antagonists are attracted to the same traits as pollinators (Temeles and Pan 2002, 
McCall and Irwin 2006, Irwin et al. 2010), pollination could also reduce attractiveness to 
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subsequent floral antagonists.  Additionally, some plant species can alter resource 
allocation to future flowers based on pollination quality (Olivieri et al. 1994, Liu et al. 
2010, Albert et al. 2011, Canto et al. 2011), which could influence attractiveness to floral 
antagonists as well as future pollinators. 
In addition to attractive traits, flowers also produce chemical defenses, often at 
higher concentrations than in leaves (Zangerl and Rutledge 1996, Hause et al. 2000, 
Strauss et al. 2004, Damle et al. 2005, Frölich et al. 2006, Frölich et al. 2007).  Both 
petals (Euler and Baldwin 1996, Adler et al. 2001, Strauss et al. 2004, Irwin and Adler 
2006) and nectar (Adler 2000, Irwin et al. 2004, Adler and Irwin 2005, Adler et al. 2006, 
Johnson et al. 2006) can contain the same defenses that frequently deter leaf herbivores, 
and other flower parts (e.g., pollen, ovules, stigmas) can also contain high levels of 
defenses (Gronquist et al. 2001, Frölich et al. 2006, Frölich et al. 2007).  Floral chemical 
defenses have been implicated in deterring both florivores (Johnson et al. 2008, Lucas-
Barbosa et al. 2011) and nectar larcenists (Adler and Irwin 2005), but can also deter some 
pollinators (Adler and Irwin 2005, Gegear et al. 2007, Lucas-Barbosa et al. 2011, Adler 
and Irwin 2012), causing possible ecological tradeoffs.  While a few previous studies 
have found that floral chemical defenses can be induced after leaf herbivory (Euler and 
Baldwin 1996, Wackers and Bezemer 2003, Adler et al. 2006, McCall and Karban 2006), 
and one study found induced resistance to florivores after floral damage (McCall 2006), 
there have been no studies testing the induction of chemical defenses after attack by floral 
antagonists.  Understanding how floral mutualists and antagonists alter both attractive 
and defense floral traits has important implications understanding how these interactions 
shape the subsequent community of interactions. 
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We conducted a factorial manipulation of florivory, nectar robbing, and 
pollination to test their combined effects on floral attractive and defense traits, 
subsequent plant-insect interactions, and plant reproduction in the field.  Additionally, by 
manipulating three floral interactions, we will test for non-additive effects that would not 
be obvious in pairwise studies.  Together, this will give us a comprehensive picture of 
how floral traits and insects interact to affect plant reproduction. 
 
Methods 
Study System.  Impatiens capensis Meerb. (Balsaminaceae) is an excellent system to 
examine multiple interactions.  It is an annual found in moist soils in much of North America 
(Leck 1979, Eastman 1995). It has a mixed mating system, with selfing cleistogamous (CL) 
and open-pollinated chasmogamous (CH) flowers; the showy orange CH flowers produce 
more seeds with better dispersal and survival than seeds from CL flowers (Mitchell-Olds and 
Waller 1985, Schmitt et al. 1985, Eastman 1995). CH flowers are heavily reliant on 
pollinators, mostly Bombus sp. and Apis mellifera, to produce fruits (Rust 1977, Leck 1979, 
Eastman 1995, Steets and Ashman 2004). Both flower types produce a capsule fruit 
containing one to several seeds, which are dispersed explosively as the fruit ripens. The seed 
bank generally does not last more than one year (Simpson et al. 1985). 
Besides pollinators, CH flowers are visited by several floral antagonists. Nectar 
robbers and nectar thieves both consume nectar without contacting the plant’s reproductive 
parts (Rust 1979); while nectar robbers pierce the corolla or spur to consume nectar, nectar 
thieves are simply too small to transfer pollen while entering the corolla opening (Inouye 
1980, Irwin et al. 2010).  Collectively, nectar robbers and nectar thieves are considered nectar 
larcenists.  Flowers can have very high rates of nectar robbing (up to 80% of flowers) by 
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several insect species, including the plant’s main pollinators (Eastman 1995, Young 2008). 
Although some robbers can also be pollinators, flowers are never pollinated during the act of 
robbing (Rust 1979). Nectar robbers include Vespula maculifrons, Apis mellifera, and some 
Bombus species (Rust 1979, Zimmerman and Cook 1985). Nectar thieves include halictid 
bees, syrphid flies, and ants (Eastman 1995). Generalist herbivores, including Popillia 
japonica, regularly consume flowers as florivores (0-90% damage, pers. obs.). The specialist 
galler Schizomyia impatientis attacks flower buds, causing them to form galls instead of 
flowers and preventing fruit production (Hummel 1956, Eastman 1995).  
Chasmogamous flowers have a range of floral attractive and defense traits.  Plants 
vary in number of flowers, flower size, nectar production, pollen production, and flower 
height (NLSG, pers. obs.).  Flower color can vary from entirely yellow (no red spotting) 
to almost entirely red (extensive red spotting; Boyer et al., in prep).  While little has been 
published on defensive chemistry in I. capensis or its role in mediating species 
interactions (but see Soper Gorden and Adler, in prep), Impatiens spp. in general contain 
both anthocyanins and condensed tannins. Anthocyanins are flavonoid pigments that 
often attract pollinators (Delpech 2000, Koes et al. 2005), but have also been implicated 
in reducing florivore preference and performance (Johnson et al. 2008). Anthocyanins are 
present in Impatiens spp. leaves, flowers, and stems, and cause the variable red spots on 
the lip petals of I. capensis (Aras et al. 2007).  Condensed tannins are also present in 
Impatiens spp. in general (Waterman et al. 1983) and I. capensis flowers specifically 
(Soper Gorden, unpublished data).  Although condensed tannins are usually studied as 
vegetative defenses, they are also found in floral tissue and have the potential to deter 
florivores (Gautierhion and Maisels 1994, Burggraaf et al. 2008).   
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Plant propagation and treatments.  On 6 May 2011, we collected I. capensis 
seedlings from Hampshire Farm (N 42º 19’ W 72º 31’), transplanted them into 10 cm 
pots in Fafard #2 mix (Conrad Fafard, Inc, Agawam, MA), and kept them in a 
greenhouse on the University of Massachusetts campus (N 42º 23’ W 72º 32’) until they 
were planted in the field.  Plants were watered daily and bench locations were 
randomized once a week.  On 15 June 2011, when all plants were ~0.4 m tall, we 
transplanted 200 plants along the northwest edge of a wet forest at Hampshire Farm 
where I. capensis occurs naturally.  Plants were in four rows of 50, with each plant 1 m 
from all neighbors.  To reduce intraspecific competition, conspecifics within 0.25 m of 
each plant were removed. 
Florivory was manipulated by removing 30% floral tissue from one quarter of 
flowers using dissecting scissors (average natural florivory; Soper Gorden, unpublished 
data), while control plants did not receive artificial florivory.  Nectar robbing was 
manipulated by using dissecting scissors to cut a small hole at the base of the flower’s 
throat (where many nectar robbers puncture the corolla) and using a microcapillary tube 
to remove nectar, which has successfully simulated nectar robbing in other systems (e.g. 
Irwin and Brody 1998, Burkle et al. 2007, Brody et al. 2008).  Control plants did not 
receive artificial nectar robbing.  Pollination was manipulated by using a paintbrush to 
apply mixed pollen from at least three wild plants to stigmas of female-phase flowers, 
while control plants had no additional pollen added.  Florivory and nectar robbing were 
applied to every fourth flower (the average proportion of flowers naturally damaged by 
florivores, and within the recorded range of nectar robbing frequencies; Soper Gorden, 
unpublished data; Eastman 1995, Young 2008), but not the same individual flowers for 
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both treatments; hand pollination was applied to all female-phase flowers each day.  All 
plants also received natural levels of florivory, nectar robbing, and pollination.  
Treatments were randomly applied in a fully factorial manner, resulting in eight total 
treatment combinations, each with 25 plants.   
Responses.  Plant growth was measured three times during the summer, including 
plant height, number of nodes and CL flowers, and leaf area (estimated by multiplying 
the length and width of the two most apical fully expanded leaves).  In this species, plant 
height is highly correlated with aboveground dry biomass (correlation:  df=173, r=0.78, 
r
2
=0.61, P<0.0001; unpublished data), so biomass was not measured. 
For chemical analysis, we collected the first two flowers each plant produced 
(before treatments were applied; July 7 through September 1, depending on plant) and 
two flowers later (August 25 or after all treatments had been applied at least once, 
whichever came later).  These flowers were digitally photographed for flower color 
analysis, then frozen at -80°C until chemical extractions.  Floral anthocyanins were 
extracted from one early and one late flower, using a modified protocol (Mancinelli 1990, 
Aras et al. 2007, Brussland 2007).  Briefly, frozen flowers were extracted in acidified 
methanol (1% HCl v/v) at 4°C in the dark for 48 hours, then measured at 530 nm and 657 
nm on a spectrophotometer (Genesys 10S UV-Vis Spectrophotometer, Thermo-
Scientific).  Relative anthocyanins content was calculated as A530 – 0.25A657, as per 
Mancinelli (1990), then standardized by flower mass.  Floral condensed tannins were 
extracted from one early and one late flower, using an acid butanol method modified 
from Hagerman (2002).  Briefly, frozen flowers were ground and sonicated in 70% 
acetone.  The supernatant was added to acid butanol (5% HCl v/v) and 2% ferric 
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ammonium sulfate in 2N HCl, heated in a boiling water bath for 50 minutes, then 
measured at 550 nm on a spectrophotometer (Genesys 10S UV-Vis Spectrophotometer, 
Thermo-Scientific).  Relative condensed tannin content was calculated as A550 
standardized by flower mass.  For both floral defenses, we subtracted the early season 
value from the late season value to calculate the change in defense levels over the course 
of the summer. 
All CH flowers produced were counted at least every other day, marking pedicels 
of counted flowers with Wite-Out Quick Dry (Bic, Clinchy, France) to prevent double 
counting, giving total CH flower production.  Flower size was measured on up to three 
flowers per plant five times during the summer, including flower length, nectar spur 
length, lip petal width and height, and corolla opening width and height.  These six 
morphometric measures were condensed into one value using principal components 
analysis (prcomp() in R; R Development Core Team, 2.13.0, 2011).  The first and only 
significant principal component (PC1) explained 66% of the total variation and was used 
to represent larger flower size for analysis.  Nectar and pollen production were measured 
on up to three flowers per plant, bagged as buds to prevent pollinator visitation.  
Androecia were collected from bagged flowers upon anthesis; if pollen had already been 
shed in the flower, the androecium was not collected.  Androecia were dried for 24 hours 
at 45°C, suspended in 1ml 70% ethanol, and six subsamples were counted on a 
hemacytometer under a microscope.  Nectar was collected from bagged male-phase 
flowers using microcapillary tubes to remove pooled nectar from the base of the throat, 
then the tip of the nectar spur was cut and any additional nectar squeezed into the same 
tube.  We quantified flower color from photographs of flowers used for defense 
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extractions using ImageJ’s threshold and measure features to calculate the percent of lip 
petals that were red versus yellow-orange in color (ImageJ v.1.43, National Institute of 
Health, 2010).  Since this was measured on two early and two late flowers, we could also 
calculate the change in redness over the season. 
Pollinators, nectar robbers, and nectar thieves were observed during 15-minute 
surveys on eight days spread throughout the summer.  In each survey, we recorded the 
number, interaction type (pollinator, nectar robber, or nectar thief), taxon, probe time per 
flower, and number of flowers probed for each visitor for all plants that had open CH 
flowers.  We also completed three monthly herbivory surveys, during which we counted 
and identified each herbivore on each plant, allowing measures of herbivore density and 
richness (to functional group), and estimated leaf damage on four apical fully expanded 
leaves.  Finally, we estimated florivory during six surveys every other week, during 
which we recorded the average percent floral tissue missing per flower for each plant. 
During biweekly surveys, we counted the number of CH and CL fruits on each 
plant to estimate the total number of fruits produced.  Total fruit production can be 
counted from pedicel scars from dehisced fruits, but the process is extremely time-
consuming.  Previous work showed that the average number of fruits per day was highly 
correlated with the total number of fruits produced up to that point (n = 40, r
2
 = 0.91, P < 
0.0001; Soper Gorden and Adler, in review), so average CH and CL fruits per day was 
used to estimate total fruit production.  During these surveys, we also collected mature 
CH and CL fruits, and stored them at 4°C until seeds per fruit and average seed mass 
could be measured.  Finally, to test for shifts in mating system, we calculated the 
proportion of CH versus CL fruits the plant produced. 
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Statistical analyses.  To test the effects of our treatments, we conducted seven 
MANOVAs on groups of related traits:  plant growth (height, leaf size, number of nodes, 
and CL flowers); floral defenses (change in anthocyanins and condensed tannins); 
flowers (number of CH flowers and flower size PC); floral rewards (nectar and pollen 
production); leaf herbivory (leaf damage, density of herbivores, and herbivore richness); 
fruits (number of CH and CL fruits and proportion of CH versus CL fruits); and seeds 
(seeds per CH and CL fruit and average mass of CH and CL seeds).  For each test, we 
included florivory treatment, nectar robbing treatment, pollination treatment, and all two- 
and three-way interaction terms.  Nectar production, leaf damage, and herbivore richness 
were log transformed; number of CL and CH flowers, herbivore density, number of CH 
and CL fruits, number of seeds per CL fruit, and average CL seed mass were square root 
transformed; plant height was X
2 
transformed.  All MANOVAs were conducted in SAS 
(v 9.2, SAS Institute, 2008).  Individual ANOVAs were investigated when a MANOVA 
was significant. 
A few variables had left-shifted distributions that could not be transformed to 
make them normal:  percent florivory, pollinator visits, nectar robber visits, and nectar 
thief visits.  For these responses, we conducted individual generalized linear models 
(GLIMs) using a Poisson distribution with a log link function, and including florivory, 
nectar robbing, and pollination treatments and all two- and three-way interactions as 
explanatory variables.  GLIMs were run in R using glm() (R Development Core Team, 
2.12.0, 2011).  Seasonal change in flower redness was extremely non-normal, and did not 
fit a Poisson distribution.  Instead, we ran a GLIM using a Gaussian distribution with an 
identity link.   
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Results 
Our treatments had a significant effect on flowering, but no significant effect on 
any other measure of plant growth or floral traits (Table 4.1).  Supplemented florivory 
significantly reduced the number of CH flowers plants produced (ANOVA:  F2, 150=4.19, 
P=0.017; Figure 4.1).  There was no effect on CL flower production or any other plant 
growth or flowering trait.   
There were significant effects on all subsequent floral interactions, with many 
two- and three-way interactions, but there was no significant effect of our treatments on 
leaf herbivory (Table 4.1).  There was a significant three-way interaction on pollinator 
visits per hour, such that pollination and nectar robbing had little effect on pollinator 
visits on plants with supplemented florivory, but pollinators preferred plants with either 
pollination or nectar robbing (but not both) when florivory was not supplemented (Figure 
4.2a).  Overall, pollinators preferred flowers without supplemented florivory and with 
supplemented nectar robbing or pollination.   
Similarly, there was a significant three-way interaction between florivory, nectar 
robbing, and pollination on nectar robber visits (Table 4.1).  Nectar robbers 
overwhelmingly preferred plants with natural florivory and nectar robbing but 
supplemented pollination to all other treatment combinations (Figure 4.2b).  Overall, 
nectar robbers preferred previously pollinated plants (Table 4.1). 
Nectar thieves responded differently to combinations of florivory and nectar 
robbing treatments, and nectar robbing and pollination treatments (Table 4.1).  Nectar 
thieves preferred plants without florivory or nectar robbing over plants with higher levels 
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of either damage (Figure 4.3a), and also preferred plants that had been hand pollinated, 
especially without nectar robbing (Figure 4.3b).  There were also significant main effects 
of florivory and pollination; florivory reduced nectar thieves, while pollination increased 
nectar thief visits.   
There were two-way interactions between florivory and nectar robbing, and 
between nectar robbing and pollinators on subsequent florivory (Table 4.1).  Florivores 
preferred plants that had already had florivory damage when there was no added nectar 
robbing, but that preference disappeared in the presence of nectar robbing (Figure 4.4a).  
There was also significantly less florivory on plants with supplemental pollination and 
natural nectar robbing than other treatment combinations (Figure 4.4b).  Overall, plants 
with supplemented florivory or nectar robbing h ad significant more subsequent florivory, 
and plants with supplemented pollination had significantly less subsequent florivory. 
There were also significant three-way interaction effects between florivory, nectar 
robbing, and pollination on fruits and seeds (Table 4.1).  When individual ANOVAs were 
tested, no single reproduction response had a significant three-way interaction (F<0.59, 
P>0.44 for all), indicating that the effect on reproduction is multivariate.  To investigate 
the relationship more closely, we calculated the standardized canonical coefficients for 
each response variable in the reproduction MANOVAs to examine how strongly each 
variable contributed to the significant interaction (Scheiner 2001; Table 4.2).  In the fruit 
number MANOVA, all three responses (number of CH fruits and CL fruits, as well as 
proportion of CH versus CL fruits) were equally responsible for the significant 
interaction, with CH fruits having an equal but opposite effect compared to CL fruits and 
the proportion of CH fruits (Table 4.2).  When comparing treatment means, plants 
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produced the most CH fruits and had the highest proportion of CH fruits in the 
pollination treatment when there was no florivory or nectar robbing, and the least in any 
treatment combination including florivory (Figure 4.5).  Florivory also resulted in more 
CL fruits (Figure 4.5b).  In the seed trait MANOVA, the strongest effects were due to 
number of seeds per CH and CL fruit rather than seed mass (Table 4.2).  When 
comparing treatment means, nectar robbing reduced seeds per CH fruit, but hand 
pollination could rescue this (Figure 4.6).  Florivory in general reduced seeds per CH 
fruit in any combination of pollination or nectar robbing treatment (Figure 4.6a).  
However, there were more CL seeds per fruit in plants with florivory, especially when 
there was also nectar robbing, suggesting plants may shunt resources into CL seeds when 
CH flowers are damaged (Figure 4.6b).   
 
Discussion 
Manipulating floral interactions had the strongest effects on other floral 
interactions, with less impact on plant traits.  There were significant multi-way 
interactions between all floral treatments, indicating that both antagonist and mutualist 
behavior varied depending on combinations of previous floral interactions.  Similarly, 
effects on plant reproduction were complex, and were shaped by non-additive 
combinations of florivory, nectar robbing, and pollination.  These results indicate that the 
context of previous interactions shapes the effect of both floral antagonisms and 
mutualisms on floral interactions and plant reproduction. 
Pollinators, nectar robbers, and nectar thieves, all of whom consume nectar, 
preferred plants without florivory in at least some conditions.  Several other experiments 
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found reduced pollinator visitation after floral damage, often leading to reduced 
reproduction (Leavitt and Robertson 2006, Cardel and Koptur 2010, Sõber et al. 2010, 
Cares-Suarez et al. 2011) (but see McCall 2008).  In this experiment, plants with 
florivory produced fewer flowers (Figure 4.1) and therefore may have had a smaller 
display, attracting fewer floral visitors (Schmid-Hempel and Speiser 1988, Brody and 
Mitchell 1997, Ishii et al. 2008, Kilkenny and Galloway 2008, Irwin et al. 2010).  
Although our treatments had little effect on the many floral traits we measured (including 
two defenses, three attractive traits, and two rewards), florivores may have altered a floral 
trait we did not measure, such as nectar composition or volatiles, which can alter 
attractiveness to nectar feeding insects.  Interestingly, a previous study in this system 
manipulating florivory found no effects on pollinators, nectar robbers, or nectar thieves 
but did decrease leaf herbivory, which we didn’t see in this experiment (Soper Gorden 
and Adler, in prep).  However, this previous study only manipulated florivory; the fact 
that we found so many significant non-additive effects in this study suggests that it is 
important to look at multispecies interactions to elucidate significant effects on plants.   
In general, it seems that research is lacking on whether pollinators alter antagonist 
behavior.  Studies that include pollinators, cheaters, and herbivores typically assume that 
antagonists affect pollinators but not vice versa (e.g. Bronstein et al. 2003, Ivey and Carr 
2005).  In this study, we found that hand pollination significantly increased subsequent 
pollinator and nectar larcenist visitation, suggesting that pollinators can influence 
visitation by floral antagonists.  However, the fact that hand pollination increased 
visitation by nectar feeders is somewhat surprising.  In many species, pollination leads to 
rapid reduction in floral attractiveness, to promote cross pollination with other flowers 
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(vanDoorn 1997).  This may include color changes, reduced reward production, changes 
in volatiles, or changes in floral morphology including wilting or closing (Weiss 1991, 
vanDoorn 1997, Sato 2002, Nuttman and Willmer 2003).  Besides direct effects on floral 
attractiveness or lifespan, pollinators can also change other floral traits including nectar 
or pollen availability and the presence of pathogens, all of which typically decrease 
attractiveness to subsequent pollinators and potentially to floral antagonists (Weiss 1991, 
Cnaani et al. 2006, Gurevitch et al. 2006).  In some species, including species that, like I. 
capensis, are protandrous with a short female phase, pollination may have no effect floral 
attractiveness (vanDoorn 1997).  However, we could find no record of supplemental 
pollination making flowers more attractive to other nectar feeders.  Since pollinators had 
no effect on any of the floral attractive or defense traits we measured (Table 4.1), it is 
unclear why plants with hand-pollinated flowers were consistently more attractive to 
subsequent pollinators, nectar robbers, and nectar thieves.  Regardless of the cause, 
however, plants with early pollination were more likely to receive more subsequent 
pollinator visits, as well as increased visitation by nectar larcenists.  Since I. capensis 
plants are able to continually replace nectar (Rust 1977, Marden 1984, Temeles and Pan 
2002), the benefits of increased pollinator visits may outweigh any costs of increased 
nectar larcenists.   
Pollinators visited plants with nectar robbing more, as long as those plants 
weren’t pollinated as well.  The significant three-way interaction shows that on plants 
without florivory, pollinators preferred plants with either pollination or nectar robbing, 
but not both.  A previous study in I. capensis found no difference in pollen receipt 
between flowers that had been robbed and those that had not (Temeles and Pan 2002), 
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although they did not record pollinator visitation; this suggests a trend opposite to what 
we saw here, where pollinators preferred plants that had been robbed.  Our pollination 
treatment did not remove nectar, and our nectar robbing treatment did not remove or add 
pollen, so it seems unlikely that the preference of pollinators for robbed plants is due to 
changes in rewards.  We measured many traits (including nectar production, flower size, 
pollen production, number of flowers, flower color, and floral defenses), none of which 
were affected by our nectar robbing treatment.  If floral traits do change in response to 
nectar robbing, it may be a trait we did not measure, such as volatile production, nectar 
composition, nectar guides, flower gender, or other traits.  For example, a previous study 
in this system found that nectar robbing reduced the length of the male phase without 
changing floral lifespan, resulting in flowers that spent significantly more time in the 
female phase (Temeles and Pan 2002).  Gender of flowers can affect pollinator 
preference (Ashman et al. 2000, Huang et al. 2006, Waelti et al. 2009, de Jong et al. 
2011), though in nearly all cases pollinators prefer male or hermaphrodite flowers and 
nectar robbing increased female phase length.  It is possible that piercing the corolla lets 
nectar scents or other floral volatiles escape at a greater rate, perhaps making flowers 
more attractive or attractive at a greater distance.  Alternately, since we recorded 
interactions on subsequent flowers as well as treated flowers, the piercing and/or nectar 
removal may signal the plant to change floral traits of future flowers.   
The negative impact of florivory appeared to outweigh any effects of hand 
pollination or nectar robbing on pollinator preference.  On plants with florivory, there 
were low levels of pollinator visitation regardless of the pollination or nectar robbing 
treatment (Figure 4.2a).  Similarly, there seems to be a ranking of the importance of floral 
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interactions for effects on nectar robbers, which have a strong preference for 
supplemented pollination that both nectar robbing and florivory can cancel out (Figure 
4.2b).  This suggests that florivores have stronger effects on plants than nectar robbers or 
pollinators, and have the potential to significantly alter plant-insect interaction 
communities.  It also suggests that increased florivory may reduce selection by 
pollinators and nectar robbers, since florivory overwhelms the effects of other floral 
interactions.  This same ranking of floral interaction importance seems to translate to 
effects on reproduction, with florivory having a dominant effect reducing CH fruit and 
seed traits that masked the positive effects of pollination.  Therefore, the ranking of plant-
insect interaction importance may have corresponding effects on plant reproduction, 
fitness, and even selection.  For example, in areas or years when florivory is high, 
florivores may exert the strongest selection pressure on plants regardless of pollination or 
nectar robbing.  Alternately, when florivory is rare, pollinators and nectar robbers may 
exert concurrent conflicting selection. 
Florivores responded to our treatments differently from nectar feeders.  Enhanced 
florivory increased subsequent natural florivory while reducing pollination, nectar 
robbing, and nectar thieving.  Induced susceptibility to florivory after floral damage in I. 
capensis is consistent with previous research in this system (Soper Gorden and Adler, in 
prep), which found evidence that generalist herbivores may switch from feeding on 
leaves to feeding on flowers after floral damage, perhaps because of changes in floral 
versus leaf attractiveness.  Florivores also preferred plants with enhanced nectar robbing, 
suggesting that multiple types of floral damage increase attractiveness to florivores.  
Simply piercing corollas without removing any floral tissue is enough to change 
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interactions with I. capensis flowers (Temeles and Pan 2002), so it is possible that nectar 
robbers, by chewing through the corolla, can induce the same floral changes as florivores.  
Because none of the traits we measured were affected by any treatment, other traits, such 
as volatile release, must be responsible for the attraction of florivores.  Although plants 
that had either florivore or nectar robbing damage were attractive to subsequent 
florivores, plants with both kinds of damage tended to be less attractive (Figure 4.4a).  It 
is possible that too much damage or too many kinds of damage can reach a threshold 
where flowers are no longer attractive to florivores, perhaps through changes in volatiles, 
symmetry, or plant resource allocation.   
While other floral insects preferred plants in the pollination supplementation 
treatment, florivores avoided them, especially if the plants had no florivory or nectar 
robbing damage (Figure 4.4b).  This suggests that florivores and nectar feeders may be 
attracted to different floral traits.  Indeed, a previous study in this system found that there 
was a consistent negative correlation between pollinator and florivore choice for floral 
traits (Soper Gorden and Adler, in prep).  For example, while pollinators preferred redder 
flowers with higher levels of anthocyanins, florivores preferred more yellow flowers with 
less anthocyanins (Soper Gorden and Adler, in prep).  This is an interesting and 
unexpected result; florivores are theorized to be attracted to similar traits as pollinators 
(McCall and Irwin 2006).  Additionally, if pollinators and florivores prefer exclusively 
different floral traits, one would expect strong selection for traits that both attract 
pollinators and deter florivores.  Yet we still see many plants with florivore-preferred 
traits, and high levels of florivory.  It is possible that resource availability limits the 
ability of plants to produce exclusively pollinator-preferred traits or that there are other 
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trade-offs limiting the benefits of traits preferred by pollinators.  For example, nectar 
robbers and nectar thieves also both preferred pollinated plants (Figures 2, 3) and may 
exert conflicting selection on pollinator-preferred traits. 
Florivores reduced CH flower production but not CL flower production.  
Additionally, while there was no main effect of florivory on any measure of reproduction, 
there were significant three-way interactions on both fruit and seed traits, and plants with 
florivory tended to have more CL reproduction and less CH reproduction.  This suggests 
that florivory shifts the mating system towards more selfing (CL) reproduction.  We have 
seen a strong reduction in CH outcrossing but not selfed reproduction previously (Soper 
Gorden and Adler, in prep).  In fact, I. capensis seems able to use a shift in mating system 
towards increased selfing as a tolerance mechanism against many antagonists, including 
leaf herbivores and competitors (Steets 2005, Steets et al. 2006a, Steets et al. 2006b).  
Since other systems with mixed mating systems have also shown increased selfing in 
response to floral antagonists or inadequate pollination (Ivey and Carr 2005, Penet et al. 
2009, Albert et al. 2011), increased selfing may be a general defense mechanism; this, in 
turn, may help explain the evolutionary maintenance of mixed mating systems. 
With the exception of florivory reducing CH flower production (Figure 4.1), our 
manipulations had no effect on any of the attractive or defensive floral traits we 
measured.  This suggests that the floral traits we measured are either relatively constant, 
or that they are shaped more by phenology, genetics, or resource availability that plant-
insect interactions.  There is evidence that some traits (plant height, number of flowers, 
and flower color) are constant within plants across the flowering season, though floral 
anthocyanins and condensed tannins vary (Soper Gorden and Adler, in prep).  In other 
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systems, flower color (Irwin and Strauss 2005, Hoballah et al. 2007, Rausher 2008, 
Hopkins and Rausher 2012), reward production (Brandenburg et al. 2009, Bolstad et al. 
2010), and flower size (Galen 1996, Parachnowitsch and Kessler 2010, Andersson 2012) 
can have a genetic basis.  Together, this may suggest that floral traits are relatively tightly 
controlled, possibly because of their importance for plant reproduction.  While plasticity 
can be adaptive in some systems (Sultan 2000), sometimes plasticity can alter traits to 
such a degree that they become detrimental (DeWitt et al. 1998, Langerhans and DeWitt 
2002).  For example, it may be adaptive to have high constitutive defenses in flowers, 
rather than defenses induced after damage (Zangerl and Rutledge 1996, Ohnmeiss and 
Baldwin 2000, McCall and Fordyce 2010).  Despite the limited effects on floral traits, our 
treatments had multiple significant effects on all floral insects surveyed, which suggests 
that indirect effects of floral insects on subsequent plant-insect interactions may play an 
important role in this system.   
Florivory, nectar robbing, and pollination had a multivariate three-way interaction 
in both MANOVAs involving plant reproduction (Table 4.1).  However, none of the 
univariate analyses were significant, suggesting that reproduction in I. capensis is a 
multivariate trait that depends on both CH and CL reproduction simultaneously.  As 
measures of CH reproduction increased, measures of CL reproduction tended to decrease 
at nearly the same rate (Table 4.2), suggesting that plants are able to keep total 
reproduction relatively constant by shifting the mating system from outcrossing to selfing 
in times of poor resource availability or high levels antagonisms.  The significant three-
way interaction indicates that floral interactions have complex and context-dependent 
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impacts on plant reproduction, where the effect of one interaction depends on the 
presence and density of other insect interactions.   
All of our treatments were supplementation treatments that led to total levels still 
within recorded ranges.  Our florivory treatment almost exactly doubled natural florivory 
levels, as hoped; we damaged 25% of flowers by removing 30% of flower tissue, and 
natural florivory occurred on 26% of flowers with an average of 28% flower tissue 
missing.  Similarly, our pollination treatment was applied to roughly 20% of flowers, 
while we saw 25% of flowers naturally visited.  Our nectar robbing treatment was the 
most extreme increase; we robbed 25% of flowers, while naturally only 10% of flowers 
were robbed.  While this may seem like a large increase in nectar robbing levels, it is still 
well within the natural range (Eastman 1995, Young 2008).  Additionally, despite the larger 
increase in nectar robbing, florivory still had the strongest effects, suggesting that the 
dominant effects of florivory are both strong and robust. 
Conclusions.  Our manipulations of floral insects had complex effects on 
subsequent natural floral interactions, including both floral mutualists and antagonists.  
While nectar-feeding insects (including pollinators, nectar robbers, and nectar thieves) 
preferred plants that had been pollinated but without artificial florivory, florivores 
preferred the opposite – plants that had already been damaged but not pollinated.  This 
suggests that florivores and nectar feeders have opposite responses to floral traits.  
Although we tested many measures of floral attractive and defense traits in response to 
our treatments, the only significant effect was that florivory reduced CH flower 
production.  This, coupled with the context-dependent reduction in CH reproduction with 
florivory, suggests that plants may shift towards a more selfing mating system in the 
presence of florivores.  Taken together, our results suggest that some antagonists such as 
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nectar robbers may offer conflicting selection with pollinators for floral traits, while 
others such as florivores may actually select for the same traits as mutualists, leading to 
complex selection mosaics.  Additionally, florivory seems able to reduce selection 
pressures by nectar robbers and pollinators.  Combined with the multivariate interactive 
effects of floral insects on plant reproduction, our results exemplify the idea that studying 
pairwise interactions provides an incomplete picture of interaction networks and patterns 
of selection.  In this system, all significant effects – including those on plant reproduction 
– differed depending on which floral interactions were present.   
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Table 4.2.  Standardized canonical coefficients of 
response variables from significant three-way 
MANOVAs testing the effects of manipulations of floral 
interactions (florivory, nectar robbing, and pollination) 
on plant reproduction in Impatiens capensis (see Table 
4.1).  CH = outcrossing; CL = selfing. 
Response Variable 
Standardized 
Canonical Coefficients 
Fruit Number MANOVA 
Number of CH fruits -2.8689 
Number of CL fruits 2.3495 
Proportion of CH vs CL fruits 2.2619 
Seed Trait MANOVA 
Seeds per CH fruit 1.2703 
Seeds per CL fruit -0.7148 
CH seed mass -0.1807 
CL seed mass 0.1010 
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Figures 
 
Figure 4.1.  Effect of supplemented florivory on the number of outcrossing (CH) flowers 
produced by Impatiens capensis plants.  Error bars show standard error. 
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Figure 4.3.  Effects of florivory, nectar robbing, and pollination supplementation 
treatments on nectar thief visits, tested using a generalized linear model (GLIM) with a 
Poisson distribution.  A) two-way interaction between supplemented florivory and nectar 
robbing on nectar thieves.  B) two-way interaction between supplemented nectar robbing 
and pollination on nectar thieves.  Error bars show standard error. 
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Figure 4.4.  Effects of florivory, nectar robbing, and pollination supplementation 
treatments on subsequent natural florivory, tested using a generalized linear model 
(GLIM) with a Poisson distribution.  A) two-way interaction between supplemented 
florivory and nectar robbing on florivory.  B) two-way interaction between supplemented 
nectar robbing and pollination on florivory.  Error bars show standard error. 
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Figure 4.5.  Effects of florivory, nectar robbing, and pollination on fruit production in 
Impatiens capensis.  A) Number of CH (outcrossing) fruits.  B) Number of CL (selfing) 
fruits.  C) Proportion of total fruits that were CH versus CL.  Error bars show standard 
error. 
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Figure 4.6.  Effects of florivory, nectar robbing, and pollination on seed traits in 
Impatiens capensis.  A) Number of seeds per CH (outcrossing) fruit.  B) Number of seeds 
per CL (selfing) fruit.  C) Average mass of CH seeds.  D) Average mass of CL seeds.  
Error bars show standard error. 
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